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Living organisms must constantly adapt and evolve with their changing
environment in order to survive. Signal transduction mediated by membrane
receptors and sensors form the important interface that informs a cell of its
surroundings and is therefore crucial for its survival. However, studies on
transmembrane signalling have been hampered by conceptual and technical
challenges associated with the membrane environment and membrane
proteins. Using the inner membrane histidine kinase EnvZ that mediates
osmoregulation in bacteria as a model, a deeper understanding of the signal
transduction mechanism employed by membrane proteins is pursued.
A literature review (Chapter One) revealed that although extensive
biochemical work has been done for the characterisation of EnvZ, there had
been no report of which region of the protein is functional as the osmosensor.
Initial homology modelling suggested that the periplasmic and/or
transmembrane domains would be responsible for sensing osmotic stress.
Thus, it came as a surprise that the cytoplasmic domain of EnvZ (EnvZc) was
responsive to osmolality, as shown in Chapter Two. Amide
hydrogen/deuterium exchange mass spectrometry (HDXMS) showed that the
four-helix bundle that spans the conserved His243, the site of
autophosphorylation, and the putative OmpR-binding site is conformationally
dynamic at low osmolality and becomes stabilised when it senses high
osmolality. Local unfolding at this critical locus forms the molecular basis for
osmosensing. In vitro and in vivo biochemical assays confirmed that EnvZc is
sufficiently functional as osmosensor and phosphotransfer to OmpR.
xThe model for EnvZc signalling mechanism was extended to Chapter
Three, where the protein dynamics with two mutations at residues one
helical turn away from His243 was investigated. These mutants were known to
generate distinct porin expression profiles. The study showed that, in addition
to protein backbone dynamics, a network of side-chain interactions is
important to maintain proper functions in EnvZ. In agreement with the model,
stabilising mutation caused an increase in activity, whereas mutations that
disrupted the protonation state of His243 or altered the kinase recognition
motif significantly reduced its activity.
Transmembrane signalling by EnvZ was investigated in Chapter Four,
where full-length EnvZ was embedded in nanodiscs and its conformational
dynamics was probed. It revealed that membrane anchoring increases the
dynamics of the protein, indicating a regulatory role. The study also showed a
surprisingly different membrane environment, where the transmembrane
domain was weakly structured and exchanged fully with deuterium from
solution. Conformational changes in the periplasmic and transmembrane
domains indicated that osmotic signals were transduced across the membrane,
possibly also explainable via a model.
A fundamental theme from these studies is that the conformational
dynamics of a protein is imperative for signal sensing and transduction. A
signalling protein is capable of enhancing or reducing its activity by shifting
its ensemble equilibrium depending on the nature of the signal sensed. This
provides a universal mechanism that may be applicable to other proteins that
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1CHAPTER ONE
Introduction
21.1 Adaptive responses in prokaryotes
All living organisms experience an ever-shifting environment throughout
their entire lifetimes. The mercurial nature of these changes forces organisms
to adapt constantly to their new environments for survival or, failing that,
perish. Among all life on Earth, prokaryotes can perhaps be considered the
most successful and proficient at acclimatising to changes in their
surroundings. These unicellular organisms, consisting of both bacteria and
archaea, can survive and thrive in environmental niches that are staggeringly
diverse in various aspects including, but are not limited to, salinity, acidity,
toxicity, temperature, nutrient availability, and osmotic pressure (Parkinson
and Kofoid, 1992).
This exceptional feat of prokaryotes to successfully inhabit
environments that are, for the most part, hostile to other living
macroorganisms is a testament to the evolution of highly intricate signalling
networks to drive sophisticated stimulus-response cascades. These signal
transduction networks allow them to rapidly sense, adapt, and respond—
whether through adjustments in morphology, physiology, and/or cellular
behaviour—to changes in their extracellular environment and thus ensure
their survival and growth. The adaptive mechanisms by which prokaryotes
mediate cellular activities with environmental perturbations are known as
two-component signalling (TCS) systems (Parkinson and Kofoid, 1992; Stock et
al., 1989).
1.2 Two-component signalling systems
The delicate task of communicating changes in the environment and eliciting
3appropriate responses in the prokaryotic cell falls under the control of two-
component signalling (TCS) systems, which are especially well-studied in
bacteria. Also known as histidyl-aspartyl (His-Asp) phosphorelay systems, TCS
systems are imperative for the regulation of a plethora of physiological and
biological processes in bacteria, ranging from chemotaxis and osmoregulation
to sporulation and syntheses of excretory products (Stock et al., 1989) (Table
1.1). Hundreds of such systems exist in nearly all bacterial species and they
function generally through stimulus-response coupling mechanisms, which
involve the interplay of a histidine kinase (HK) with its cognate response
regulator(s) (RR) (Robinson et al., 2000; Skerker et al., 2008).
Table 1.1—Partial list of two-component signalling systems found in various







AlgZ AlgR Alginate synthesis
ArcB ArcA Anoxic redox control
CheA CheY/CheBb Chemotaxis
CorS CorR Phytotoxin
DctB DctD Dicarboxylate transport
DegS DegU Enzyme secretion
DifJ DifK Cell cycle control
EnvZ OmpR Osmoregulation
FixL FixJ Nitrogen fixation
KdpD KdpE Potassium (K+) transport/turgor sensing
KinA/KinBa Spo0F/Spo0B/Spo0Ab Sporulation
LuxN/LuxQa LuxO Quorum sensing
4NarX NarL Nitrate reduction
NtrB NtrC Nitrogen assimilation
PgtB PgtA Phosphoglycerate transport
PhoR PhoB Phosphate regulation
PhoQ PhoP Virulence
UhpB UhpA Hexose phosphate uptake
VanS VanR Vancomycin resistance
VirA VirG Plant cell transformation
a Some adaptive response can have multiple histidine kinases that act on the same
response regulator to elicit the same response.
b When there are two or more response regulators for a particular adaptive response,
the final response regulator is typically the actual transcription factor while the
others act as intermediaries for phosphotransfer or are needed for their catalytic
activities.
c Despite their ubiquity, not all two-component systems are present and/or active at
the same time in every bacterial species. For example, VirA/VirG is present and active
in Agrobacterium since it mediates horizontal gene transfer via crown gall formation in
plants, but may not be present/active in Escherichia that is not known to infect plants.
The signal transduction pathway of the TCS system consists of a
defined phosphorelay system (Figure 1.1). Typically, the histidine kinase
functions as the sensor protein to detect environmental stimulus, upon which
it becomes autophosphorylated at its conserved histidine residue through the
hydrolysis of ATP molecules. This information is then relayed by the sensor
protein through a transfer of the phosphoryl group from the
phosphohistidine residue to the aspartate residue of the response regulator.
Phosphorylation of the response regulator activates a downstream effector
domain to initiate changes in bacterial behaviour or metabolic processes. Most
response regulators are known to be transcription factors and therefore
5modulate the expression of appropriate genes as a response to the
environmental perturbation (Stock et al., 2000). A dephosphorylation step
removes the phosphate moiety from the response regulator and signals the
termination of the response.
Figure 1.1—Two-component signal transduction system. The signalling cascade is
mediated by a histidine kinase (HK) and a response regulator (RR). The histidine
kinase (1) senses an external stimulus and (2) becomes autophosphorylated at a
conserved histidine residue by hydrolysing ATP. The phosphoryl group is then (3)
transferred to an aspartate on the response regulator to elicit a response. The final
step involves (4) removal of the phosphate moiety from the response regulator
(dephosphorylation) to terminate the response. Abbreviation(s): Ad, adenosine; P,
phosphate; ATP, adenosine triphosphate.
1.3 Osmotic homeostasis and bacterial osmoregulation
Water is a principal component of life. Osmotic balance is necessary to
maintain conditions that are amenable for biological processes in all living
6organisms. As the cell membrane is readily permeable to water (Mathai et al.,
2008), water can flow out of or into the cell as the concentrations of solutes
within or without the cell change. This efflux or influx of water creates
fluctuations in intracellular volume and thus affects various cellular
conditions such ionic concentrations, metabolite levels, and/or turgor pressure
(Csonka, 1991). Osmoregulation is an important biological process that seeks
to restore osmotic balance and facilitates cellular adaptation to possible
adverse effects caused by such disparity.
One very important difference of an osmoregulatory system compared
to other stimulus-response coupling mechanisms is that the signal being
sensed is physicochemical rather than chemical—it senses changes in water
activity and not the binding of specific ligands or receptor molecules. For
example, Tsr is a serine receptor that senses binding of serine molecules while
Tar is an aspartate receptor that responds to aspartate binding for bacterial
chemotaxis (Sanders and Koshland, 1988). Sensors of physical signals in
bacteria are relatively few—notable instances include systems whose gene
expression profiles are modulated in response to changes in pressure (Bartlett
et al., 1989; Welch and Bartlett, 1996), interfacial attachment (Kjelleberg et al.,
1983; Petrova and Sauer, 2012), and temperature (Hurme and Rhen, 1998;
Shivaji and Prakash, 2010)—and their mechanisms are not well understood
(Csonka, 1991).
In bacteria, one of the best-characterised two-component systems
involved in osmoregulation is the EnvZ/OmpR signal transduction system. The
system regulates the expression of two major outer membrane porin proteins,
OmpF and OmpC, as a response to changes in extracellular osmolality and is
7prevalent in Escherichia coli and many other bacterial species (Russo and Silhavy,
1991; Slauch et al., 1988). EnvZ is a sensor kinase that spans the bacterial inner
membrane with a short N-terminus in the cytoplasmic face (Met1–Thr15), two
transmembrane regions (Leu16–Asn47 predicted for transmembrane region I
and Tyr163–Ile179 for transmembrane region II), a periplasmic loop (Lys48–
Arg162), and a large cytoplasmic domain containing both the conserved
histidine residue for autophosphorylation as well as the kinase subdomain
(Arg180–Gly450) (Forst et al., 1987). The solution structures of the four-helix
bundle spanning the conserved His243 (Tomomori et al., 1999) and the kinase
subdomain (Tanaka et al., 1998) were solved separately by nuclear magnetic
resonance (NMR) spectroscopy; a more recent snapshot of the structure with
both subdomains intact was solved by X-ray crystallography (Ferris et al., 2014)
(Figure 1.2).
Figure 1.2—Structure of the cytoplasmic domain of EnvZ (EnvZc). A | Solution
structures of the four-helix bundle (PDB ID: 1JOY) (Tomomori et al., 1999) with the
conserved His243 shown in forest-green sticks and the ATP-binding domain (PDB ID:
1BXD) (Tanaka et al., 1998) bound to the non-hydrolysable ATP analogue, AMP-PNP
(element-coloured sticks). Each monomer is shown in purple and white, respectively.
As the structures are solved separately, the orientation of the two structures is
unknown. Dashed lines indicate missing connections between the two structures.
A B
8(Figure 1.2, continued) B | Crystal structure of EnvZc with both subdomains intact (PDB
ID: 4CTI) (Ferris et al., 2014). Description is as for A. The four-helix bundle is much
longer compared to that from the solution structure as it is fused to the HAMP
domain from Archaeoglobus fulgidus (46 amino acids). The crystal structure is solved
without any ligand. Figures were generated using PyMOL (v1.3). Abbreviation(s): AMP-
PNP, adenylyl imidodiphosphate; HAMP, (present in) histidine kinases, adenylyl
cyclases, methyl-accepting chemotaxis proteins, and phosphatases (Aravind and
Ponting, 1999).
The mechanism for interprotein signalling in the EnvZ/OmpR system is
well understood (Igo et al., 1989; Inouye et al., 2002; Yang and Inouye, 1991).
Upon sensing osmotic shifts in the extracellular medium, the kinase domain
of EnvZ binds to adenosine triphosphate (ATP) and autophosphorylates the
highly conserved His243. The signal is propagated through subsequent transfer
of the phosphoryl group from His243 on EnvZ to Asp55 on OmpR.
Phosphorylated OmpR (OmpR~P) is activated as a transcription factor and
binds with high affinity to the promoter regions of the ompF and ompC genes.
OmpF and OmpC are nonspecific porin proteins that allow the diffusion of
solutes and other small molecules into and out from the cell (Nikaido and
Vaara, 1985; Smit and Nikaido, 1978). OmpF, which has a larger channel size
compared to OmpC, is preferentially expressed when the cell is under low
osmolality conditions; the converse occurs when high osmolality signal is
detected (Nikaido and Rosenberg, 1983; Nikaido and Vaara, 1985). While the
number of porin proteins remains relatively constant, the ratio of the two
proteins is altered depending on the signal sensed by EnvZ (Kenney, 1997;
Nikaido and Vaara, 1985). The interaction is summarised in Figure 1.3 below.
It is important to note that, from previous studies, differential
expression of OmpF and OmpC is not only influenced by shifts in medium
9osmolality
Figure 1.3—Schematic representation of the EnvZ/OmpR interaction. Upon (1)
sensing osmolality change, EnvZ (shown only as a monomer in the figure) transduces
the signal and binds ATP, which initiates (2) trans-autophosphorylation of its
conserved His243 (Cai and Inouye, 2003). The phosphoryl group is then (3) transferred
to Asp55 of the response regulator OmpR. Phosphorylated OmpR (OmpR~P) is a
transcription factor that preferentially binds to ompF under low osmolarity conditions
and to ompC under high osmolarity conditions and thus triggers (4) the reciprocal
expression of the OmpF or OmpC depending on the osmotic change sensed by EnvZ.
OmpF is believed to have a larger pore size compared to OmpC, thereby allowing
more solutes (particularly nutrients) to pass through (Nikaido and Vaara, 1985). The
smaller pore size of OmpC restricts solutes and metabolites from leaving cells at rapid
rates during periods of osmotic stress. Abbreviation(s): DHp domain, dimerisation and
histidine phosphotransfer domain; DNA, deoxyribonucleic acid; TM, transmembrane.
osmolality, but also by carbon source, pH, temperature, and membrane
perturbants (Rampersaud, 1995). The diversity and nonspecific nature of the
stimuli that EnvZ is able to sense and respond to has led to the general
consensus that EnvZ does not have a specific ligand-binding site and instead
detects osmotic signals in the environment (Lugtenberg et al., 1976; van
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Alphen and Lugtenberg, 1977). Together, these signals modulate EnvZ
autophosphorylation, which in turn alters the relative amount of
phosphorylated OmpR in the cell to achieve reciprocal expression of the porin
proteins (Hall and Silhavy, 1981a, b).
1.4 Mechanisms of osmosensing and osmoregulation
The importance of osmosensing can be seen in the two following simple
scenarios. As a cell encounter a hypotonic environment (high water
activity/low osmotic pressure), it experiences an osmotic downshock because
the concentration of solutes in its surroundings is much lower compared to
the intracellular solute concentration. Water will passively diffuse through the
cell membrane, which exerts pressure on the cell and may cause lysis if the
cell does not possess a mechanism in place to counteract the stress. Similarly,
a cell undergoes an osmotic upshock in a hypertonic environment (low water
activity/high osmotic pressure), causing water to rapidly diffuse out of the cell
and may eventually result in plasmolysis. Thus, having an early detection
system that informs the cell of its surroundings is highly crucial to ensure its
survival and adaptation.
There are many theories and models available in the literature that
describe how bacterial osmosensory proteins—most of which are known to be
membrane-bound—are able to detect and respond to osmotic changes in the
environment. In their review, Poolman et al. (2002) posited seven possible
mechanisms: (i) a change in cell turgor; (ii) mechanical deformation or
macroscopic change on the membrane structure; (iii) mechanical stimulus
originating within the exo- or cytoskeleton of the cell; (iv) a change in the
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hydration state (internal or external osmolality) of the protein; (v) alterations
in the physicochemistry of the phospholipid bilayer (protein-lipid interactions);
(vi) a change in cytoplasmic ion concentration or ionic strength; and (vii)
direct interaction of specific molecules with the protein. Of these seven
mechanisms, they found the most salient osmosensory stimuli to be
intracellular ionic strength, alterations in protein-lipid interactions, and
changes in membrane tension.
The primary osmoregulatory mechanism that microbial cells employ to
counteract osmotic imbalance is through alterations of their intracellular
osmolyte concentrations. Bacterial cells have transporter and channel proteins
that help accumulate or excrete particular osmolytes, depending on the
situation (Wood, 1999). These osmolytes, also known as compatible solutes,
cosolvents, or osmoprotectants, are usually organic in nature and can be
accumulated in the cell to molar levels without causing detrimental effects on
the function and structure of cellular macromolecules (Yancey et al., 1982). As
a matter of fact, some of these osmolytes, which are classified broadly into
polyols (e.g., glycerol, sucrose, trehalose), amino acids and derivatives (e.g.,
glycine, taurine, β-alanine), and methylamines and derivatives (e.g.,
trimethylamine oxide, glycine betaine, sarcosine), can confer protective,
stabilising, and even enhancing effects to peptides and proteins, thereby
maintaining cellular functions in periods of high stresses (Arakawa and
Timasheff, 1985; Canchi and García, 2013; Harries and Rösgen, 2008; Kumar,
2009; Lee and Timasheff, 1981; Yancey, 2005).
Inorganic molecules, particularly salts, have long been known to have
an effect on protein and macromolecular stability and function from the
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seminal work of Franz Hofmeister more than a century ago (Hofmeister, 1888;
see translation in Kunz et al., 2004). This knowledge is widely used in the
purification and study of various proteins of biological importance,
particularly through X-ray crystallography. However, the osmoregulatory
function of salts is less well-defined compared to organic osmolytes, owing to
their ionic nature and the complexity of charged interactions with proteins
and other macromolecules (Harries and Rösgen, 2008). Nevertheless, a
growing body of knowledge suggests that salts can also play a role in cellular
osmoregulation through mechanisms distinct from those of organic osmolytes
(Baldwin, 1996; Majumdar et al., 2013; Record, Jr. et al., 1998; Tadeo et al., 2009;
Zhang and Cremer, 2006) and is therefore of important consideration.
Remarkably, the osmoregulatory mechanism described above is not
limited to only the bacterial kingdom—it has also evolved and expanded into
other domains of life, particularly in fungi, plants, and animals. For example,
the baker’s yeast (Saccharomyces cerevisiae) accumulates glycerol in the cell as
part of its responses to hyperosmotic stress (Albertyn et al., 1994; Hohmann et
al., 2007). Higher plants increase proline and glycine betaine biosyntheses and
accumulate these organic osmolytes in their cells under various stress
conditions, particularly during drought and high soil salinity (Delauney and
Verma, 1993; McCue and Hanson, 1990). Marine animals, particularly
ureosmotic elasmobranch (e.g., sharks, rays, and skates) and deep-sea teleost
(e.g., cods, grenadiers, and rockfish) fishes, use trimethylamine oxide (TMAO)
and glycerophosphocholine (GPC) to counteract the adverse effects caused by
the accumulation of high levels of urea, which is a strong protein denaturant
and macromolecule destabiliser, in the body (Kelly and Yancey, 1999; Yancey,
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2001, 2005; Yancey et al., 2004). Mammalian medullary renal cells, which
function to filter solutes in the excretory system, are exposed to high levels of
salts and urea and employ various organic osmolytes as an osmoregulatory
mechanism against the hyperosmotic stress (Burg, 1995; Garcia-Perez and
Burg, 1991).
1.5 The osmosensing conundrum
Given the seemingly universal osmoregulatory response against water stresses
by various organisms across a wide evolutionary timeline, a fundamental
question arises on the osmosensing part of the equation: how do the sensor
proteins, particularly nonspecific ones such as EnvZ, recognise and unify the
disparate signals (e.g., ionic versus non-ionic, denaturing versus stabilising),
which can also cause a host of other changes in the cell, to elicit this specific
response? Although osmosensing models have been postulated (Poolman et al.,
2002), molecular and structural changes that occur within a sensor protein for
its function in integrating and propagating osmotic signals to stimulate a
unified response are not well understood.
The difficulty in establishing a mechanistic framework for osmosensing
lies in part on the nature of the signal being sensed, which is not as readily
apparent or tangible as, for instance, ligand binding or protein-protein
interaction. Indeed, the hurdle is true even for the well-studied bacterial
osmosensor EnvZ, where the protein domain or region that functions as the
osmosensing apparatus remains an enduring question. The first insight into a
possible osmosensing role of the periplasmic and transmembrane regions of
EnvZ came from the pioneering work of Tokishita and colleagues. By deleting
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portions of the periplasmic domain (Tokishita et al., 1991) or introducing point
mutation to residues within or close to the transmembrane regions (Tokishita
et al., 1992), they showed that these mutants, in addition to having a
pleiotropic phenotype, exhibited a dysregulation of the outer membrane
porin proteins regardless of the osmolarity of the medium used. These
observations thus suggested a direct or indirect osmosensing function for
these two regions.
However, this view, at least for the periplasmic domain, was challenged
when Tabatabai and Forst (1995) demonstrated that the orthologous EnvZ
protein from Xenorhabdus nematophilus, a symbiotic-pathogenic bacterium, was
able to complement an EnvZ-deletion (ΔenvZ) strain of Escherichia coli and
restore porin regulation in response to osmolarity. This is a remarkably
significant contrast because the orthologue present in X. nematophilus is (i)
shorter (108 amino acids less); (ii) shares only 57% homology in the
cytoplasmic domain; and (iii) has a short (6 amino acids) hydrophobic turn
instead of a large (115 amino acids) and hydrophilic periplasmic domain in
comparison to E. coli EnvZ (Forst and Tabatabai, 1997; Tabatabai and Forst,
1995). Moreover, it is possible to delete or replace the periplasmic domain of
EnvZ with that from other non-homologous proteins without perturbing the
osmosensing function, which strongly suggests that the periplasmic domain is
not essential in sensing osmolarity (Leonardo and Forst, 1996).
An interesting point to note is that the search for the elusive
osmosensing domain of EnvZ was initially driven by comparison of its
molecular organisation to other proteins. EnvZ shares topological similarity to
bacterial chemoreceptor proteins such as Tar (aspartate receptor), Tsr (serine
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receptor), and Trg (arginine receptor) (Forst et al., 1987; Forst and Inouye, 1988).
In particular, EnvZ is thought to highly resemble Tar, a transmembrane,
chemotactic histidine kinase protein with its aspartate-binding site located on
the periplasmic region and signalling domain in the cytoplasm (Forst et al.,
1987; Russo and Koshland, Jr., 1983). Following this observation, the
osmosensing apparatus of EnvZ is also speculated to be located on the
periplasmic domain, with the transmembrane regions aiding in transducing
the signal into the cell. Additionally, early work by Igo and Silhavy (1988)
showed that a LacZ-EnvZ (LacZ is a β-galactosidase enzyme that catalyses the
formation of the monosaccharides glucose and galactose from the
dissacharide lactose) fusion protein was catalytically functional but incapable
of regulating the reciprocal expression of the OmpF and OmpC porins in
response to medium osmolarity. This was presumably because the chimera
was lacking its first 38 amino acids (nearly eliminating its first
transmembrane region), which resulted in the fusion protein not being
inserted into the inner membrane and was instead expressed into inclusion
bodies. This finding suggested an important role for proper membrane
localisation—and therefore the transmembrane regions—in osmosensing.
Taken together, these ideas narrowed the likelihood of the EnvZ sensor
domain to only the periplasmic and/or transmembrane regions and an
exclusion of the cytoplasmic domain as an integral part of the osmosensing
conundrum.
In recent years, exciting developments and understanding of the
importance of a protein’s conformational dynamics as an integral component
of the signalling cascade have gained increasing attention from the scientific
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community (Wright and Dyson, 1999; Boehr et al., 2009). The premise reasons
that proteins are conformationally highly dynamic because it is advantageous
for recognising and processing a diverse range of stimuli (Baron and
McCammon, 2013; Boehr et al., 2009; Changeux and Edelstein, 2011). This is
very illuminating, as it could provide explanations for the many enigmas
surrounding EnvZ, such as its lack of a specific ligand-binding site, the
possible roles of its transmembrane and/or periplasmic domains, and its
interactions with the membrane. This tantalising possibility is the major
motivating force behind this study.
1.6 Proteins in a flux: the role of conformational dynamics for protein
functions
To understand why structural homology and topological association were
initially used to decipher the osmosensory locus of EnvZ, it is perhaps easier
to follow the roots of the field of study known as structural biology. For a long
time since its inception, the central tenet of structural biology was dominated
by the perception that a defined structure is required for a protein to function.
This view was championed and perpetuated by a large body of scientific work
throughout the years. For instance, fully denatured ribonuclease A was shown
to be able to spontaneously refold to its original structure and became
catalytically active again when the denaturant urea was removed (Anfinsen et
al., 1961; Anfinsen, 1973). This finding led the Nobel laureate Christian
Boehmer Anfinsen, Jr. to put forth the thermodynamic hypothesis, which
postulates that in a suitable physicochemical milieu allowing a protein to fold,
the native structure of a protein is determined only by the protein’s amino
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acid sequence and is unique, stable, kinetically accessible, and at a free energy
minimum (Anfinsen, 1973).
Anfinsen’s dogma provides the idea that the primary sequence of a
protein defines its three-dimensional structure and the latter forms the basis
of its function (Anfinsen, 1973; Steinberg et al., 1956). The idea is substantiated
by empirical studies and embraced by the scientific community even today.
The structure-function relationship thus formed a key foundation in the field
of protein sciences. It also triggered an explosive growth in structural
elucidation of proteins through X-ray crystallography, which has been
instrumental in the discovery and understanding of many biologically
important proteins at highly-detailed, atomic-level resolution. Many
functionally-related proteins whose structures are subsequently solved possess
strikingly similar folds and domains, leading to categorisation of proteins with
known sequences by association with these features. Two examples of such
categorization are Structural Classification of Proteins (SCOP) (Murzin et al.,
1995) and CATH (Class, Architecture, Topology, and Homologous Superfamily)
Protein Structure Classification (Orengo et al., 1997). These methods have been
used successfully in protein structure prediction and employed in the fields of
drug design and novel protein engineering (Dantas et al., 2003; Nayeem et al.,
2006). In the same context, the osmosensing domain of EnvZ was predicted to
be either the periplasmic or transmembrane domains based on comparison
with the aspartate receptor Tar, even though there is no precedent of EnvZ
being known to bind to specific ligands (Forst et al., 1987; Russo and Koshland,
Jr., 1983).
It is not until more recently that the structure-function paradigm of
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structural biology shifted and the importance of dynamics as an integral
component in protein behaviour and action gained traction in the field
(Wright and Dyson, 1999; Tompa, 2002; Uversky, 2002). While comparison of
homologous protein folds and domains to infer function in a different protein
has its advantages, it also restricting in the sense that most of the available
three-dimensional information—particularly for crystal structures—are
derived in their end-point states, where knowledge about the gradual
conformational changes that a protein may undergo is limited or
inadvertently lost (Henzler-Wildman and Kern, 2007). This led to an incorrect,
biased perception that there is only one correct, stably-folded protein
conformation (Dyson and Wright, 2005; Henzler-Wildman and Kern, 2007).
Recognition and understanding of protein dynamics in relation to its function
has therefore provided a more holistic view on the intricacies of the building
blocks that make up most of the biological world.
The dynamic nature of proteins is not an entirely new phenomenon or
observation. Early studies that delved into the conformational changes of a
protein as a function of time can be traced back to the field of biochemistry
(Koshland, Jr., 1958; Benson and Linderstrøm-Lang, 1958; Monod et al., 1965).
The principles of thermodynamics expanded upon this, where proteins can be
viewed as labile molecules whose motions are guided by an energy landscape
in an attempt to move proteins from highly-energetic conformations, which
are thermodynamically disfavoured, to the more stable, low-energy
conformations (Doig and Sternberg, 1995; Pickett and Sternberg, 1993;
Frauenfelder et al., 1991). However, rather than arriving at a single
conformation, there are still multiple conformations within the stable end of
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the energy landscape that a protein can exist as. This is possible as each
conformation has similar free energy values (Frauenfelder et al., 1991). These
metastable conformational sub-states thus provide the key to understanding
protein dynamics, particularly for intrinsically or partially-disordered proteins
whose functions can only be explained by their ability to populate multiple
states (Dunker et al., 2002; Dyson and Wright, 2005; Ferreon et al., 2013;
Namba, 2001; Tzeng and Kalodimos, 2012).
That proteins in a state of flux can be fully functional provides a new
perspective to understanding proteins that actively signal through a
bewildering range of seemingly non-related stimuli, such as in the case of
osmosensing. Indeed, conformational changes in these proteins can be
triggered by diverse perturbations that include environmental factors (e.g., pH,
temperature, tension, water activity) and structural and/or molecular changes
(e.g., post-translational modifications, ligand-binding), which is more
representative of the cellular milieu (Csermely et al., 2010; Ghaemmaghami
and Oas, 2001; Henzler-Wildman and Kern, 2007; Wang et al., 2012; Zhou et al.,
2008). While mechanistic understanding of how the plasticity of a protein
affects its function is still in its nascent stage, a model to explain this
phenomenon, at least with respect to protein-ligand interactions, was
proposed almost five decades ago. The conformational selection model, as
coined by Monod, Wyman, and Changeux (1965), posits that a protein, in its
unbound state, is constantly sampling an ensemble of conformations. In
equilibrium, the protein can, at one point in time, also populate the ligand-
bound conformation, albeit very briefly. When the ligand is present, the
protein becomes stabilised in the ligand-bound conformation and thus shifts
20
the population equilibrium to favour the ligand-bound form over time (Boehr
et al., 2009; Changeux and Edelstein, 2011). This model is in contrast to the
induced fit model (Koshland, Jr., 1958; Koshland, Jr., et al., 1966), where
binding of ligand to a protein provides the free energy to change the protein’s
conformation to one of a lower energy—that is, the conformational change is
a direct result of ligand binding.
While the two models need not be mutually exclusive (Csermely et al.,
2010), the conformational selection model undoubtedly resonates deeper for
proteins whose functions are inextricably bound to its dynamics. This is
especially evident in recent works on protein allostery, where the dynamics of
an allosteric protein plays an indispensable role in modulating its functions
(Ferreon et al., 2013; Motlagh et al., 2014; Wrabl et al., 2011; recently reviewed
in Tzeng and Kalodimos, 2011 and Nussinov et al., 2013). Allosteric proteins
are defined as proteins whose functions can be altered by binding of an
effector molecule (e.g., ligand or binding partner) at another site (called the
allosteric site) that is distant from the active site (Monod et al., 1963, 1965).
Classically viewed as structured proteins through the lens of structural biology,
many allosteric proteins have now been shown to be conformationally
malleable, where binding of the associated effector molecule actively drives
these proteins to favour the inactive (in the case of an antagonist) or active
state (in the case of an agonist) or an active state that is different from the one
induced by an agonist (in the case of an inverse agonist) (Negus, 2006). The
emerging view is that allosteric proteins can exist in an ensemble of
conformations at equilibrium and allosteric perturbations dynamically shift
the population ensembles to achieve the desired biological outcome (Motlagh
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et al., 2013; Nussinov and Tsai, 2013; Tsai and Nussinov, 2014; Tzeng and
Kalodimos, 2011; Wrabl et al., 2011). This view is strongly supported by
experimental evidence revealing that protein functions can be deeply
entwined with the protein’s ability to populate multiple conformations
(Anand et al., 2002, 2010; Badireddy et al., 2011; Bai et al., 2010; Laine et al.,
2008; Marlow et al., 2010; Moorthy et al., 2011; Petit et al., 2009), thus
highlighting the importance of conformational flexibility for signal sensing
and transduction.
The ensemble nature of proteins provides an attractive avenue of
investigation for protein function. Allosteric modulation has been observed at
multiple levels and facilitated by rigid body motions, side-chain and backbone
dynamics, local unfolding of specific protein regions, and intrinsic disorder
(Motlagh et al., 2014). Indeed, nature has utilised the entire continuum of
protein conformational ensemble as a strategy to regulate protein function.
This may prove to be the missing piece to the osmosensing puzzle, where a
single protein is required to harmonise all the different stimuli to elicit a
particular response. An added layer of complexity is seen for protein-lipid
interactions, particularly in how a receptor protein behaves and responds to
stimuli in a lipid bilayer. The bacterial histidine kinase EnvZ offered the
opportunity to study a remarkable hybrid—a kinase, a receptor, and a
transmembrane protein—and thus represented an excellent model for
probing dynamics and correlating it to molecular function and signalling.
1.7 Amide hydrogen/deuterium exchange (HDX): theories and applications
Protein dynamics has been studied and characterised through the use of
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various biophysical techniques (Dyson and Wright, 2005). NMR spectroscopy
has remained indispensable for the investigation of protein conformational
dynamics (Dyson and Wright, 2001, 2004), although recent advances in
technology have pushed other methods to the forefront, such as amide
hydrogen/deuterium exchange coupled with mass spectrometry (HDXMS), that
offer certain advantages over the traditional technique (Hoofnagle et al., 2003).
The theory of amide hydrogen/deuterium exchange (HDX) was initially
and extensively studied by NMR and other techniques. Pioneering works by
Lenormant and Blout (1953) as well as Benson and Linderstrøm-Lang (1959)
provided some of the earliest insights into deuterium exchange at the
backbone amide hydrogens of proteins. The technique was subsequently
applied in early NMR experiments and further reviewed and refined
comprehensively by various groups (Barksdale and Rosenberg, 1982;
Englander and Staley, 1969; Hvidt and Nielsen, 1966; Klotz and Frank, 1965;
Scarpa et al., 1967). While hydrogen/deuterium exchange experiments by NMR
provided high-resolution information on single amide exchange, they do have
their drawbacks: they cannot overcome the protein size limitation inherent
with the technique, require large amounts of samples, and the spectral peak
assignments can be tedious (Hoofnagle et al., 2003). Mass spectrometry was
later found to be a viable alternative to NMR, with various groups successfully
measuring deuterium incorporation at the protein backbone using different
ionisation techniques such as electrospray ionisation (ESI) (Katta and Chait,
1991), fast atom bombardment (FAB) (Zhang and Smith, 1993), and matrix-
assisted laser absorption/desorption (MALDI) (Mandell et al., 1998). Although
initial mass spectrometry results were of a lower resolution in comparison to
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NMR, advances in mass analysers significantly improved the amount of
information that is acquired from hydrogen/deuterium exchange data,
particularly through the use of orthogonal time-of-flight (TOF) method
(Chernushevich et al., 2001). As a modular technique, the advent of high-
definition mass spectrometers, coupled with proteolytic digestion and
separation of peptides by liquid chromatography (Englander et al., 1985;
Johnson and Walsh, 1994; Rosa and Richards, 1979), have markedly increased
the accessibility of mass spectrometry for hydrogen/deuterium exchange
experiments. With greater protein mass limit (Tuma et al., 2001; Benjamin et
al., 1998), drastically lower sample amount required (nanomoles to
femtomoles), rapid data acquisition, and single residue resolution possible via
electron transfer dissociation (ETD) (Syka et al., 2004; Zehl et al., 2008) or
electron capture dissociation (ECD) method (Rand et al., 2008), amide
hydrogen/deuterium exchange mass spectrometry (HDXMS) has thus garnered
increasing prominence comparable to NMR as a platform to probe protein
dynamics.
As a solution-based technique, amide hydrogen/deuterium exchange
offers advantages over other methods in that the protein target being
interrogated is not modified (as is the case for fluorescence methods) and is in
a near native environment. A deuterium atom is, admittedly, denser and has a
different bond length compared to hydrogen (O–D bond is shorter than O–H
bond by 0.03 Å) (Soper and Benmore, 2008). Nevertheless, it is highly similar
to hydrogen and is useful for probing the conformational changes of proteins.
It takes advantage of the natural propensity of hydrogens bound to
electronegative atoms (i.e., –O–H, –N–H, and –S–H groups in the context of a
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protein) that readily exchange with protons (1H+) in the solvent (Hvidt and
Nielsen, 1966; Englander et al., 1972). By replacing water (H2O) in the aqueous
solution with deuterium oxide (D2O), the labile hydrogens will, depending on
their physicochemical properties, instead exchange with deuterons (2H+) and




on a protein or polypeptide can
continuously exchange with
protons (1H+) present in the
solution (top panel). When
water in the solution is
replaced by deuterium oxide
(D2O), the labile hydrogens are
placed with deuterons (2H+)
instead (bottom panel). Labile
hydrogens are also present in
the amino acid side-chains (R
groups in red), but the
exchange reactions are not
shown in this figure.
The exchange reaction between labile hydrogens and protons (and by
extension, deuterons) in the solvent can proceed via two pH-dependent
mechanisms. At any given pH, both base-catalysed proton extraction
(catalysed by hydroxyl ions) and acid-catalysed proton transfer (catalysed by
hydroxonium ions) occur, as summarised by the equations below (Berger et al.,
1959):
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Base-catalysed extraction: HO– + H–N– → H2O + –N–
Acid-catalysed transfer: H3O+ + –N– → H2O + H–N–
Labile hydrogens on both the side-chains and protein backbone can
participate in hydrogen exchange. However, only amide hydrogens, typically
at the backbone, exchange at rates slow enough to be measurable; side-chain
hydrogens exchange too rapidly to be captured (Englander et al., 1972).
Exceptions are proline residues, which do not have an amide group, and the
first amino acid in the polypeptide chain, which has a primary amine group
that exchanges very fast with solvent and is therefore not measurable
(Konermann et al., 2011; Zhang and Smith, 1993) (Figure 1.5). As the protein
backbone is involved in the formation of secondary structural elements,
information on its structural malleability and motions provides powerful
insights into the dynamics of the protein and features that affect it.
Figure 1.5—Measurable and non-measurable labile hydrogens. Although all labile
hydrogens can exchange with the solvent, not all exchange can be detectable by the
instrument. In the model peptide above (Met–Ser–Tyr–Pro–His), hydrogens that are
covalently bound (blue) cannot exchange and therefore will not be measured.
Hydrogens on the primary amine of the first amino acid and those on the side-chains
(red) can freely exchange, but at a rate that is too fast to be measurable. Only
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(Figure 1.5, continued) hydrogens on the amide bond (green) exchange at a measurable
rate. Note that proline forms a cyclic structure and its amide group is not accessible
for exchange.
When a protiated protein is immersed in a perdeuterated solution, each
proton exchanged with a deuteron increases the mass of the protein by
approximately 1 Dalton (actual mass difference is 1.006 Da). The increase in
mass can be monitored by mass spectrometry, which may be preceded by
proteolysis and liquid chromatography separation, to determine the average
population of the deuterated species. As the exchange of each amide hydrogen
with deuterium is best described as a discrete event, the average population
can be obtained by calculating the centre of mass (or centroid) of a binomial
distribution in the resulting mass spectrum using the formula





where mi is the mass-to-charge ratio (m/z) of peak i and Ii is the intensity of
peak i. A division of the sum of the product of mi and Ii with the sum of Ii
yields the centroid of the distribution, which provides a measure of the
average number of deuterons incorporated into the particular peptide or
protein. A comparison of the relative number of deuterons incorporated for
the protein or peptide under different perturbing conditions yield insights
into the conformational dynamics of the protein and the effects of
perturbations on them (Figure 1.6).
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Figure 1.6—Spectral read-
out of an amide HDXMS
experiment. A typical HDX-
MS data is represented here.
The mass-to-charge (m/z)
ratios of a protein or peptide
can be measured by mass
spectrometry. The protiated
(undeuterated) species usual-
ly serves as the negative
control in the experiment.
Incorporation of deuterium
at the peptide backbone after
a particular time-point (x min)
increases the mass of the peptide and shifts the spectrum to the right on the m/z scale.
Comparison between the centroids (shown as vertical dashed lines) of the deuterated
and undeuterated species reports on the increase in mass of the average population of
the peptide. This is indicated by the blue and green double-sided arrows for the
deuterated species in the absence and presence of the perturbant (e.g., ligand,
interacting protein partner, etc.), respectively. The difference in the average mass
increase between the non-perturbed and perturbed species (red double-sided arrow
with an asterisk) indicates if a significant conformational change occurred in this
particular region as a consequence of the perturbation.
There are two major theories for hydrogen/deuterium exchange in
proteins. The Linderstrøm-Lang model, also known as the structural unfolding
model, posits that exchange of slowly-exchanging amides occurs following the
two-step mechanism described below (Arrington and Robertson, 1997; Hvidt,
1964; Hvidt and Nielsen, 1966):
  open closedch
closed open




The backbone of a folded protiated protein (–N–H(closed)) must first unfold or
expose its amide hydrogen (–N–H(open)) before it can undergo deuterium
exchange (–N–D(open)) and refold to deuterated state (–N–D(closed)). The rate of
protein unfolding is governed by the rate kopen, the rate of refolding occurs at
rate kclosed, and the intrinsic (“chemical”) rate of exchange is kch. The intrinsic
rate of exchange describes the rate at which amide hydrogens exchange with
deuterium (the conversion from –N–H to –N–D) and each amide has its own
kch that is affected by the pH and temperature of the solvent as well as its
flanking side chains (Bai et al., 1993; Connely et al., 1993). Amide hydrogen
exchange with deuterium is primarily governed by the rate of protein
refolding (kclosed) and can therefore be used to describe events that lead to
changes in the protein (Arrington et al., 1999). The alternative two-process
model, also known as the solvent penetration model (Ellis et al., 1975),
describes that amide hydrogen/deuterium exchange can occur via fluctuations
in the folded state (folded state exchange) or global unfolding/refolding
(unfolded state exchange) (Woodward et al., 2004). The observed rate of
exchange is contributed by both folded and unfolded exchange rates that
affect each amide simultaneously but with different magnitudes and solvent
dependencies, hence the name “two process” (Woodward et al., 2004). While
both models are plausible, the structural unfolding model advocated by
Linderstrøm-Lang and associates receives wider support for explaining the
intricacies of hydrogen/deuterium exchange events (Englander and Kallenbach,
1983).
In the Linderstrøm-Lang model, it is important to imagine that protein
populations in the solution do not undergo the same events at a particular
29
point in time. A protein’s population can have a subset that has undergone
structural unfolding (exchange-competent) and another that has not
(exchange-incompetent) (Weis et al., 2006a). Depending on the rate of protein
refolding, this can give rise to two different exchange regimes, as described in
Figure 1.7. When the protein refolds much slower than the rate of exchange
(kclosed << kch), the observed rate of exchange (kobserved) can be defined as
observed openk k
This indicates that a subset of the protein would be fully labelled with
deuterium at the first instance of protein unfolding. This phenomenon leads
to a subpopulation that is fully deuterated and is reflected as a bimodal
spectrum with distinct mass envelopes when captured by mass spectrometry.
wasas
Figure 1.7—Kinetics of hydrogen/deuterium exchange. In solution, proteins can
exist in both unfolded (exchange-competent) and folded (exchange-incompetent)
states. Unfolded proteins can refold into the exchange-incompetent state. The rate of
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(Figure 1.7, continued) protein refolding (kclosed) thus governs the kinetics of amide
hydrogen exchange. EX1 exchange regime occurs when the rate of refolding is much
slower than the rate of deuterium exchange (kclosed << kch). Thus, the probability of the
exchange-competent protein subset getting fully exchanged at a particular time-point
is high. This is indicated by the higher-exchanging spectral envelope (orange) that
appears at the same time as the lower-exchanging envelope (blue), leading to a
bimodal spectrum. The lower-exchanging population eventually disappears as
deuteration time increases, leaving only a unimodal spectrum. EX2 exchange regime
occurs when the rate of refolding is much faster than the rate of deuterium exchange
(kclosed >> kch). This means that unfolded proteins refold at a rate faster than
deuterium can be incorporated; thus, every instance of protein unfolding does not
necessarily lead to deuteration. This is averaged out across the entire protein
population and appears as a unimodal spectrum that shifts gradually towards higher
m/z in an uncorrelated manner until it reaches saturation.
This exchange regime, termed EX1, suggests multiple-exchanging populations
within the protein, and the lower-exchanging population will eventually
disappear as deuteration is allowed to proceed for a longer period of time,
leaving only a unimodal spectrum. Conversely, the protein can refold much
faster than the rate of exchange (kclosed >> kch). The observed rate of exchange





In this sense, it can be visualised that an exchange of amide hydrogen with
deuterium in the protein may not occur within a single opening event due to
its fast refolding. Thus, for a given amide hydrogen to exchange, a number of
folding/refolding cycles may be necessary. This EX2 exchange regime is
averaged out across the protein’s population and, when monitored by mass
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spectrometry, resolves as a unimodal spectrum that shifts stochastically to
higher mass-to-charge ratios (m/z) when the protein is deuterated for a longer
timescale. Under physiological conditions, most proteins undergo the EX2
exchange regime (Konermann et al., 2011). The EX1 exchange regime is
notably rare due to its transient nature, but can yield important clues to
protein function and dynamics (Fang et al., 2011; Kaltashov and Eyles, 2002;
Miranker et al., 1993; Wales and Engen, 2006).
It is important to note here that conformational changes observed for a
deuterated protein are considered reflective of actual changes that would
happen if the protein was interrogated in its native, protiated state. This is
because the extent of deuterium that can be incorporated on the protein
backbone is very much contingent on the physicochemical milieu of the
protiated protein, particularly its solvent accessibility (whether a hydrogen is
buried or exposed) and hydrogen bonding network (whether a hydrogen is
protected from exchange by formation of a stable intramolecular hydrogen
bond) (Englander and Kallenbach, 1983). As deuteration takes advantage of a
naturally-occurring phenomenon for proteins in solution and is simply an
isotopic replacement of hydrogens, it is largely assumed to introduce no
adverse effects on the protein and therefore does not interfere with the
integrity of the protein’s physicochemical properties.
However, intrinsic deuterium exchange rates are extremely sensitive to
two physical parameters, namely pH and temperature. As mentioned much
earlier in this section, the exchange reaction is pH-dependent. From NMR
studies, the intrinsic rates of amide hydrogen/deuterium exchange are
minimal between pH 2 and 3 (Dempsey, 2001; Englander et al., 1972). At this
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narrow pH range, both acid- and base-catalysed reactions proceed at equal
rates, making it ideal as the quench pH. Base-catalysed extraction
predominates at higher pH ranges while acid-catalysed transfer prevails below
the quench pH. As protein stability and structure can be compromised at
extreme acidic pH where acid-catalysed reaction is favoured, most hydrogen
exchange reactions have been carried out using base-catalysed extraction.
However, exchange rates for base-catalysed reactions increase by a magnitude
of approximately one logarithmic scale for each pH unit above pH 2.5
(Dempsey, 2001). As such, a comparison of amide hydrogen/deuterium
exchange experiments for the same protein carried out at different pH can be
difficult—careful controls are necessary to distinguish differences in
deuteration arising from protein conformational changes to those caused by
altered intrinsic exchange rates. This is similarly an issue with respect to
temperature. While it is known that every increase of 10 °C causes an
approximately threefold increase in both acid- and base-catalysed exchange
rates (Englander et al., 1972), it can be difficult to distinguish changes in the
deuterium exchange profile that arise as a result of altered intrinsic exchange
rates (Bai et al., 1994, 1995; Ithzaki et al., 1997; Maity et al., 2003) or
conformational changes caused by thermal unfolding of the protein.
Fortunately, both pH and temperature are controllable parameters and
maintaining them at a relatively constant value in an experimental setup is a
manageable affair. Accordingly, fluctuations in deuterium exchange profiles
caused by these two factors are usually negligible. For experiments that seek
to understand dynamic changes occurring in proteins as a consequence of
these physical parameters, it is possible to map the changes by applying
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corrections to changes in the intrinsic rate of exchange that arise due to the
difference in pH or temperature or both (Coales et al., 2010; Goswami et al.,
2013).
1.8 Nanodiscs for the study of the dynamics of membrane-bound proteins
Even though the potential role of the periplasmic domain as the osmosensing
domain of EnvZ has been challenged (Forst and Tabatabai, 1997; Leonardo and
Forst, 1996; Tabatabai and Forst, 1995), it is possible that the domain has
indirect role(s) in the signal transduction pathway that have yet to be
identified. Similarly, little is known about the function of the transmembrane
regions of EnvZ. One of the major osmosensing mechanisms described by
Poolman et al. (2002) is that deformations of the membrane can serve as an
osmosensory signal for membrane proteins, as in the case of MscL, a bacterial
mechanosensitive channel. However, unlike histidine kinases,
mechanosensitive channels neither undergo phosphorylation nor regulate any
downstream targets directly. The main function of mechanosensitive channels
is to relieve cells from acute internal pressure by facilitating solute efflux,
therefore preventing cell lysis (Hamill and Martinac, 2001). It is thus
intriguing to investigate if such a correlation is possible in EnvZ, raising the
possibility for a dual function in histidine kinases.
Despite the fact that membrane proteins are known to be important
molecular machines that participate in various biological roles, study of
membrane-bound proteins such as full-length EnvZ has been and remains
prohibitive owing to the inherent difficulty in obtaining homogeneous,
monodisperse samples in sufficient quantities from standard purification
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methods and their insoluble, aggregative nature in non-detergent solutions
(Seddon et al., 2004). While detergent can be added to increase the solubility of
membrane proteins, its surfactant property is not amenable for and interferes
with most protein characterisation techniques. Proper simulation of biological
responses for most, if not all, membrane proteins also requires the use of
lipids to replicate the proteins’ natively hydrophobic environments, which
aggravates the complexity of the problem further.
Advances in membrane technology have led to the development of
artificial membranes to overcome some of the underlying issues in studying
membrane proteins. These membranes are created to emulate the
phospholipid bilayer in which a membrane protein resides as well as
maintaining stability and function of the embedded protein. Common
examples are detergent micelles (strictly not a bilayer, but a hydrophobic
monolayer) (Garavito and Rosenbusch, 1986; Michel and Oesterhelt, 1980) or
bicelles (Sanders and Prosser, 1998) and lipid vesicles such as liposomes (Gulik-
Krzywiki et al., 1987; Szoka, Jr. and Papahadjopoulos, 1980). These
biomembrane mimics, especially liposomes, have been successfully used to
investigate various bacterial membrane proteins, including bacteriorhodopsin
(Arents et al., 1981), potassium sensor (KdpD) (Heermann et al., 2003), aspartate
receptor (Tar) (Bogonez and Koshland, Jr., 1985), and osmosensor (EnvZ) (Jung
et al., 2001).
However, the use of detergent micelles/bicelles and liposomes to mimic
membranes is not without limitations. Detergent is known to denature
proteins and can be unsuitable for most biochemical and biophysical
characterisations. A common problem with liposomes is their heterogeneity
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and polydispersity, which can lead to difficulty and variability in the
interpretation of experimental results. Specifically for the study of liposome-
bound KdpD and EnvZ, there are discrepancies in the results compared to
other studies. For example, the drugs procaine and chlorpromazine were
shown to elicit response in KdpD at very low concentrations in vivo (Sugiura et
al., 1994), but they did not affect liposome-bound KdpD (Jung et al., 2000).
Similarly, although liposome-bound EnvZ showed dose-dependent autokinase
and phosphotransfer activities when treated with ionic solutes as expected
(Jung et al., 2001), neutral osmolytes such as sucrose, which has been used
extensively to characterise the function of EnvZ previously (van Alphen and
Lugtenberg, 1977; Igo and Silhavy, 1988), did not show any activation. These
issues highlight the complexity of a protein-lipid interaction that is still poorly
defined in many aspects.
A novel technique was recently introduced that seeks to alleviate the
complications associated with the use of common model membranes, thus
allowing for better characterisation of membrane proteins. Pioneered by
Stephen Sligar from the University of Illinois at Urbana-Champaign,
nanoparticulate phospholipid bilayer discs, or nanodiscs, allow the empirical
control of the size and distribution of phospholipid:protein ratios to
significantly enhance the quality of samples obtained (Bayburt et al., 2002;
Bayburt and Sligar, 2003, 2009; Denisov et al., 2004) (Figure 1.8). The nanodisc
self-assembly is initiated upon removal of the detergent that solubilises a
mixture of membrane protein, phospholipids, and membrane scaffold
proteins, during which the membrane protein is inserted into the
phospholipid bilayer. The size and stability of the phospholipid bilayer discs is
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maintained by membrane scaffold proteins that act as an amphipathic belt. If
necessary, membrane scaffold proteins, which are derived from human
apolipoprotein, can be engineered to fit depending on the molecular size of
the protein to be inserted (Denisov et al., 2004). These features allow users
direct control of the desired size, oligomeric state, stoichiometry, and
phospholipid types to be used, thus eliminating the interference from
detergent and reducing the heterogeneity, polydispersity, and directionality
issues associated with liposomes. Many membrane proteins have been
successfully studied using nanodiscs, such as bacteriorhodopsin, cytochrome
P450, G-protein coupled receptors, receptor tyrosine kinases, and the bacterial
aspartate receptor, Tar (Bayburt and Sligar, 2009).
Additionally, it has been shown that nanodisc-embedded membrane
proteins are amenable for study using amide hydrogen/deuterium exchange
mass spectrometry (Hebling et al., 2010; Morgan et al., 2011). This is
particularly exciting as detergents and lipids typically suppress signals in mass
spectrometry. The use of liquid chromatography to separate peptides and
entrapment of the lipids aided significantly in improving the signals. Not only
that, both γ-glutamyl carboxylase and membrane scaffold protein that were
studied retained their conformational dynamics with very little fluctuations in
deuterium exchange despite modifications to the standard protocol. Together
with amide hydrogen/deuterium exchange mass spectrometry, nanodiscs offer
a very appealing prospect as model membranes for studying the dynamics of
membrane proteins and elucidating the mechanisms of transmembrane
signalling.
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Figure 1.8—Application of nanodiscs for the study of membrane proteins. A | A
membrane protein, the bacterial serine receptor Tsr, is shown embedded in a
nanodisc. This is done by docking the crystal structures of the periplasmic and
cytoplasmic domains of Tsr with the nanodisc model. Larger membrane proteins can
be inserted by using a longer membrane scaffold protein (MSP). For instance, the
bacterial aspartate receptor Tar was inserted as a trimer of dimers into a nanodisc
held by MSP1D1E3, which is 65 residues longer than the standard MSP1 (Boldog et al.,
2006; Denisov et al., 2004). B | The nanodisc as viewed perpendicular to the
phospholipid bilayer (top panel) and in the same plane as the phospholipid bilayer
(bottom panel). The phospholipid bilayer is maintained in a discoidal shape with the
aid of the membrane scaffold proteins forming amphipathic belts on the periphery of
the disc. The size can be controlled by using membrane scaffold proteins of different
lengths. This reduces the heterogeneity and polydispersity of the sample as it is
possible to control the stoichiometry such that only a single functional unit of the
protein that fits the nanodisc is inserted. As the nanodisc is not an enclosed vesicle (as
in liposomes), there is no directionality for protein insertion. These figures are
reproduced with permission from Nath et al. (2007).
1.9 The EnvZ/OmpR two-component system: potential beyond
osmoregulation
While the osmosensing apparatus of EnvZ remains unascertained, its
importance cannot be undermined for two major reasons. Firstly, it is known
A B
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that two-component systems, despite their abundance in bacteria, share
sufficient sequence and structural homology that crosstalk between distinct
systems is possible, indicating a common signal transduction mechanism
(Groban et al., 2009; Jubelin et al., 2005; Ninfa et al., 1988). With similar
response to osmotic stress in other kingdoms of life, an understanding of the
bacterial osmosensing mechanism can provide important insights into the
cellular machinery that drives and maintains osmotic homeostasis in other
organisms.
Second, the EnvZ/OmpR system is also intimately involved in the global
regulation of pathogenesis in virulent bacteria (Cotter and Jones, 2003;
Kreikemeyer et al., 2003; Yarwood et al., 2001). For example, in Salmonella, the
EnvZ/OmpR system is required for the expression of downstream regulator
proteins that activate Salmonella pathogenicity island (SPI)-2 (Yoon et al., 2009)
(Figure 1.9). SPI-2, a type III secretion system (T3SS) that is known to be
required for systemic infection (Lawley et al., 2006), encodes for proteins that
prevent the maturation of phagocytic vesicles in macrophages and ensures
survival of Salmonella in the immune cells (Ramsden et al., 2007). Mutation in
Salmonella OmpR was found to severely affect their survivability in vivo
(Chatfield et al., 1991). It has also been postulated that the differential
expression of porin proteins mediated by EnvZ/OmpR may play an important
role in the exclusion of harmful molecules and aid in the uptake of nutrients
(Nikaido and Vaara, 1985; Sleator and Hill, 2002). In this perspective, EnvZ is
analogous to an ‘eye’ for the pathogen, where it tightly monitors the
environment for favourable signals for the activation of virulence factors.
With two-component systems being ubiquitous in other bacteria, it represents
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a potential target for antimicrobial drug discovery (Okada et al., 2007; Stock et
al., 2000) and for the aetiology of diseases or complications arising from water-
related stresses.
Figure 1.9—Hierarchical regulatory network for virulence in Salmonella.
EnvZ/OmpR two-component system (blue node) exerts a regulatory function for the
expression of SlyA and SsrB proteins that control the activation of Salmonella
pathogenicity island (SPI)-2 (red node), which is a type III secretion system (T3SS)
known to be required for systemic infection of the host (Lawley et al., 2006). Red
arrows and blue bars represent activation and repression, respectively. This figure is
adapted from Yoon et al. (2009).
The unanswered questions surrounding the osmosensing conundrum,
the uncanny similarity between prokaryotic and eukaryotic osmoregulatory
systems, and recognition of its importance beyond merely the regulation of
osmotic stresses in living organisms thus lead to the following research
objectives, using EnvZ as a model osmosensor and transmembrane protein:
 To monitor the conformational dynamics of EnvZ and unravel the
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mechanism by which it senses osmotic changes;
 To determine the functional role(s), if any, of the periplasmic and
transmembrane domains of EnvZ in osmosensing;
 To map the conformational dynamics of EnvZ to its structure and
pinpoint its osmosensing locus;
 To investigate the relationship between known EnvZ mutants, which
give rise to specific porin expression phenotypes, and how they affect
the osmosensing capability of EnvZ; and
 To study the signal transduction mechanism of full-length EnvZ when




The Inner Membrane Histidine Kinase EnvZ
Senses Osmolality via Helix-Coil Transitions
in the Cytoplasm
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This work has already been published (Wang et al., 2012) and is reproduced
here with permission from John Wiley and Sons, Inc.
2.1 Introduction
The inherent capacity of prokaryotes to successfully inhabit almost all known
environments can be partly ascribed to the development of versatile and
sophisticated adaptive response systems that allow them to sense and relay
information about their surroundings. The ability to perceive environmental
stimuli, such as extracellular osmolality, is important for the growth, survival,
and adaptation of prokaryotes. Responses to environmental stresses in
bacteria are mediated by two-component signalling (TCS) pathways, which
consist of a histidine kinase (HK) and a cognate response regulator (RR). The
HK senses the environmental stress and is autophosphorylated at a conserved
histidine residue. The phosphoryl group is then transferred from the sensor to
a conserved aspartate residue of the RR. The phosphorylated RR usually
functions to stimulate transcription of appropriate gene targets.
The EnvZ/OmpR system is one of the best-characterised TCS systems,
reciprocally regulating the expression of outer membrane porins OmpF and
OmpC in response to osmotic stress (van Alphen and Lugtenberg, 1977). At
low osmolality, OmpF is the major porin in the outer membrane while at high
osmolality, ompF is repressed and OmpC becomes the major porin in the outer
membrane. The response to osmolality increased up to 200 mM NaCl and then
was constant at higher salt concentrations. Similar effects were observed with
KCl and sucrose and they had little influence on the generation time. It was
subsequently shown that this differential regulation required EnvZ/OmpR and
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the porins were regulated at the transcriptional level. Furthermore, all known
functions of EnvZ required OmpR (Slauch et al., 1988).
The EnvZ/OmpR system regulates many genes in Escherichia coli (Oshima
et al., 2002) and is essential for virulence in numerous pathogens (Bernardini et
al., 1990; Brzostek et al., 2003; Dorman et al., 1989; Feng et al., 2003; Lee et al.,
2000; Pickard et al., 1994; Vidal et al., 1998). EnvZ is an inner membrane
protein with a short N-terminus in the cytoplasm (Met1–Thr15), two
transmembrane regions (Leu16–Asn47 and Tyr163–Ile179), a periplasmic loop
(Lys48–Arg162), and a large cytoplasmic domain (Arg180–Gly450) (Forst et al., 1987).
His243 is the site of EnvZ autophosphorylation (Roberts et al., 1994) while Asp55
on OmpR is the acceptor site for phosphotransfer (Delgado et al., 1993).
Phosphorylation of OmpR increases its affinity for the ompF and ompC
promoters (Head et al., 1998) as well as enhancing an interaction with RNA
polymerase, activating transcription. While the number of porin proteins
remains constant, the OmpF:OmpC ratio is altered by the signal from EnvZ
(van Alphen and Lugtenberg, 1977).
Although the EnvZ/OmpR system has been well studied, almost
nothing is known as to how EnvZ senses and responds to osmotic stress. The
structures of two distinct subdomains of the cytoplasmic region of EnvZ were
solved separately (Tanaka et al., 1998; Tomomori et al., 1999). While these
structures provided insights into the topology of the individual subdomains, it
is not known how the two domains interact in three-dimensional space. In all
of the intact cytoplasmic domain structures of HKs that have been solved to
date, the orientation of the ATP-binding domain with respect to the four-helix
bundle differs in each case (Szurmant and Hoch, 2010). This has limited our
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understanding of the phosphotransfer and signalling mechanism.
Furthermore, there are conflicting reports as to whether the periplasmic and
transmembrane domains are important for signalling (Tabatabai and Forst,
1995; Tokishita et al., 1991, 1992). Support for the functional importance of
membrane anchoring came from an engineered truncated EnvZ protein that
was missing the first 38 amino acids (nearly eliminating the first
transmembrane segment) and fused eight amino acids of LacZ. As a result of
the fusion, the LacZ-EnvZ chimera was not inserted into the membrane and
was expressed in inclusion bodies (Igo and Silhavy, 1988). This fusion was
capable of autophosphorylation and interaction with OmpR (Igo and Silhavy,
1988; Kenney, 1997), but it did not restore the normal regulation of OmpF and
OmpC in response to changes in osmolality. Presumably because of this result,
the ability to restore osmotic signalling of a plasmid expressing only the
cytoplasmic C-terminus of EnvZ (EnvZc) was not reported (Park et al., 1998).
One of the most unique aspects of EnvZ is that it is capable of
responding to a diverse range of perturbants despite its lack of specific
binding sites to these stimuli. Thus, the protein must utilise certain features
that would allow it to sense and integrate these disparate signals to elicit the
same response. One possibility is through alterations of its conformations,
thus allowing the protein to propagate the signal without the need for a
specific stimulus-binding site. This change in conformation, however, would
have to be affected similarly by different signals to produce the unified
response. To test this hypothesis, we examined the conformational changes in
EnvZc using structural mass spectrometry method.
Amide hydrogen/deuterium exchange mass spectrometry (HDXMS) is a
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powerful method to probe conformational dynamics of proteins in solution
(Hoofnagle et al., 2003). We used HDXMS to probe the conformational
dynamics of EnvZc in the presence of low and high osmolality and discovered
structural changes in EnvZc resulting from increased osmolality. Our results
indicate that the locus for osmosensing lies within the N-terminal four-helix
subdomain and dimer interface. Two amphipathic helices from each
monomer, one of which contains the phosphorylatable histidine, exhibit
decreased exchange in the presence of osmotic stimuli. Additional evidence
from HDXMS reveals that this helical region exists as an ensemble of multiple,
slowly interchanging conformations in solution, reflecting local unfolding
within the helical region. Osmolytes enhance autophosphorylation and
downstream signalling by shifting the equilibrium to favour a more folded
(less exchangeable) conformation. This is a novel example of coupling
secondary structure dynamics in proteins to downstream signalling. In
addition, osmosensing was completely uncoupled from nucleotide binding.
Surprisingly, EnvZc was capable of sensing osmolality in vivo without being
inserted in the inner membrane and was also able to signal to OmpR. Its
higher activity compared to the wild type raises doubts as to the robustness of
the EnvZ/OmpR system. Our in vitro and in vivo results are consistent with the
four-helix bundle as the osmosensor. These findings will likely be
generalisable to other sensor proteins from both prokaryotes and eukaryotes
that respond to a range of physical and mechanical stimuli.
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2.2 Materials and Methods
2.2.1 Materials
All chemicals were of reagent grade or higher and obtained from Sigma-
Aldrich (St. Louis, MO) unless otherwise specified. E. coli BL21(DE3) strain was
purchased from Novagen (Madison, WI). Tryptone and yeast extract for
making LB medium were from BD Biosciences (Franklin Lakes, NJ). IPTG and
ampicillin were from Bio Basic, Inc. (Ontario, Canada). SDS (ultrapure grade)
was from Sinopharm Group Company Ltd. (Shanghai, China). TEMED
(electrophoresis grade) was from MP Biomedicals (Solon, Ohio), ammonium
persulphate and 30% acrylamide/bis-acrylamide were from Bio-Rad
Laboratories (Hercules, CA) and Coomassie Blue G 250 was from US Biological
(Swampscott, MA). EDTA-free complete protease inhibitor cocktail tablets were
purchased from Roche Diagnostics GmbH (Mannheim, Germany). TALON®
metal affinity resin was obtained from Clontech Laboratories (Mountain View,
CA) and TFA (protein sequence analysis grade) was acquired from Fluka
Biochemika (Buchs, Switzerland). Sucrose (ultrapure grade) and glycerol were
from 1st Base (Science Park, Singapore).
2.2.2 Expression and purification of EnvZc
Plasmid pET11a-envZc expressing E. coli envZc (Arg180 to Gly450) with an N-
terminal hexahistidine tag was a kind gift from Professor Masayori Inouye
from the University of Medicine and Dentistry of New Jersey and used to
transform E. coli BL21(DE3) competent cells for protein overexpression (~20
copies/cell). Expression and purification of EnvZc was carried out using
procedures as described previously (Skarphol et al., 1997) with some
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modifications. The cells were grown in LB medium (10 g tryptone, 5 g yeast
extract and 10 g NaCl per litre) containing a final concentration of 100 µg/ml
ampicillin for 1.5–2 h with vigorous aeration at 37 °C. At OD600 ~0.5, 1 mM
IPTG was added (final concentration) and the culture was incubated for a
further 3 h. Induced cells were harvested at 7,500 × g for 15 min and stored at
–20 °C until purification. The frozen pellet was resuspended in ice-cold lysis
buffer (20 mM Tris•HCl, pH 7.6, 10 µM EDTA, 5% (v/v) glycerol) complemented
with protease inhibitor cocktail and lysed by sonication (1 s pulse every 2 s for
5 min). The lysate was centrifuged at 17,600 × g for 30 min at 4 °C to remove
non-soluble debris. The supernatant was then incubated with TALON® metal
affinity resin for at least 30 min at 4 °C before being placed into an empty
chromatography column. The resin was washed extensively with two bed
volumes of lysis buffer followed by lysis buffer containing 5 mM and 10 mM
imidazole (twice per buffer) to remove non-specific proteins. EnvZc was finally
eluted with lysis buffer containing 250 mM imidazole. The eluate was further
purified using HiLoad 16/60 SuperdexTM 75 size exclusion column with
imidazole-free 15.5 mM Tris•HCl, pH 7.6 on an AKTATM FPLC system (General
Electric Healthcare, Chicago, IL). Protein purity was determined from the
fractions with the highest concentration using 15% denaturing SDS-PAGE.
2.2.3 EnvZc mutagenesis
The H243A mutant of EnvZc was generated using inverse PCR method and
pET11a-envZc as the template. Site-specific mutation at His243 was introduced
using 5’–ATG GCG GGG GTA AGT GCC GAC TTG CGC ACG CCG–3’ as the
forward primer and 5’–CGG CGT GCG CAA GTC GGC ACT TAC CCC CGC CAT–
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3’ as the reverse primer. Amplification was achieved using Phusion® Hot Start
II DNA polymerase (Thermo Fisher Scientific, Lafayette, CO). Successful point
mutation was determined using DNA sequencing and the mutant-containing
plasmid was transformed into E. coli BL21(DE3) competent cells.
Overexpression and purification of H243A EnvZc protein was as described
above for wild-type EnvZc.
2.2.4 EnvZc phosphorylation assay
EnvZc phosphorylation was carried out in a buffer containing 50 mM KCl and
50 mM MgCl2 with EnvZc at a final concentration of 4 µM. The reactions were
initiated by the addition of 2 µCi of [γ-32P]-ATP followed by incubation at
various times at room temperature. Reactions were terminated by addition of
3 µl of denaturing solution (124 mM Tris•HCl, pH 6.8, 20% (v/v) glycerol, 4%
(w/v) SDS, 8% (v/v) β-mercaptoethanol, and 0.025% (w/v) bromophenol blue) and
10 µl of the 20 µl reaction was separated by 15% SDS-PAGE. The gel was dried
for 1 h and exposed to a phosphoimager screen and visualised on a Molecular
Dynamics Storm 860 imager (GMI, Inc., Ramsey, MN). The osmolality of the
reaction medium was altered by adjusting the salt concentration and
measured using a Wescor Vapour Pressure Osmometer. Buffer conditions were
A (12.5 mM Tris, 12.5 mM KCl, 17 mM NaCl, 10 mM MgCl2); B (50 mM Tris, 50
mM KCl, 17 mM NaCl, 20 mM MgCl2); C (50 mM Tris, 50 mM KCl, 500 mM
NaCl, 20 mM MgCl2); and D (65 mM Tris, 50 mM KCl, 850 mM NaCl, 20 mM
MgCl2). Densitometry measurements were performed using Molecular
Dynamics ImageQuant (v5.0) software (Molecular Dynamics World
Headquarters, Sunnyvale, CA). This was done in collaboration with Pahan
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Godakumbura and Leslie Morgan from Professor Linda J. Kenney’s laboratory
in the University of Illinois at Chicago.
2.2.5 β-galactosidase assay
As with the phosphorylation assay, this experiment was performed in
collaboration with Pahan Godakumbura and Leslie Morgan from Professor
Linda J. Kenney’s laboratory in the University of Illinois at Chicago. The envZc-
encoding plasmid was transformed into E. coli MH225 and PG189 strains. E. coli
MH225 contains a chromosomal ompC-lacZ fusion while PG189 is the isogenic
envZ-null strain constructed using the λ-red-mediated gene deletion method
(Datsenko and Wanner, 2000), eliminating the entire envZ gene. The primers
used for EnvZ deletion were: 5’–ATG AGG CGA TTG CGC TTC TCG CCA CGA
AGT GTG TAG GCT GGA GCT GCT TCG–3’ and 5’–TTA CCC TTC TTT TGT CGT
GCC TTC CGG GGA TCC GTC GAC CTG–3’. The gene deletion was confirmed
using PCR and DNA sequencing. β-galactosidase assays were performed in
triplicate with at least three independent cultures as described previously to
monitor the transcription of ompC-lacZ (Mattison et al., 2002). Briefly, an
overnight culture of bacteria was diluted 1:100 and cells were grown to mid-
exponential phase (OD600 ~0.4) in minimal A medium at varying osmolality.
Measurement of OmpC-LacZ levels was performed by adding one volume of
cells (0.1 ml) to nine volumes of the reaction buffer (0.9 ml) (60 mM Na2HPO4,
40 mM NaH2PO4, pH 7.0, 10 mM KCl, 1 mM MgSO4, 2.7 µl/ml β-
mercaptoethanol) before being disrupted by addition of 0.1% (w/v) SDS and
chloroform and incubated with 0.2 ml of 4 mg/ml ortho-nitrophenyl-β-D-
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galactoside (ONPG). β-galactosidase activity was expressed in Miller units and
calculated using the formula
 420 550
600




An overview of amide HDX is described in great detail in a review (Englander
and Kallenbach, 1983) and HDXMS is reviewed in Hoofnagle et al. (2003).
Briefly, protein solutions in aqueous buffer are diluted in equivalent buffers
prepared with deuterium oxide (D2O) to allow backbone amides to exchange
their amide hydrogens with deuterons. A plot of the exchange with time
provides insights into protein dynamics and relative solvent accessibilities in
different regions of the protein. Amide exchange rates are slowed by several
orders of magnitude when the pH of the reaction is between 2 and 3.
Localisation of exchange is carried out by complete proteolytic fragmentation
of the protein after deuterium exchange under quench conditions. Pepsin
proteolyses proteins at low pH (between 2 and 3) and is therefore the protease
of choice in HDXMS. Every peptide has a characteristic isotopic envelope that
reflects the natural abundance of 13C and other higher isotopes (Hotchko et al.,
2006). In addition, deuterated peptides exhibit an extended envelope that
reflects both the distribution of natural isotopes and distribution of
deuterium-exchanged molecules. The distribution of naturally-occurring
isotopes within each peptide is responsible for substantial width in the spectra.
Deuterated peptides reflect an overlaying of this width with that seen upon
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formation of deuterated species. This prevents accurate quantitation of the
number of deuterons exchanging within each peptide by direct measurement
of the shift in peaks. Centroiding eliminates this issue by averaging out both
distributions and calculating the centre of the mass envelopes. Hence,
differences in the centroid of the deuterium-exchanged envelope from the
undeuterated envelope provide an accurate measurement of the average
deuterons exchanged in the peptide (plotted as a function of deuteration time).
Another consideration is the extent of back-exchange. Before the deuterated
samples are analysed by the mass spectrometer, a small percentage of
deuterons can exchange back with the aqueous mobile phase during pepsin
digestion and chromatographic separation. The deuterium back-exchange
constant was factored into the final measurement and described in greater
detail later in this section.
EnvZc (applicable for both WT and H243A mutant) was concentrated
using a Vivaspin ultrafiltration centrifugal device (Sartorius Stedim Biotech
GmbH, Göttingen, Germany) to at least 50 µM, as measured by Bradford assay
(Bradford, 1976). Filter-sterilised Tris buffer (15.5 mM Tris•HCl, pH 7.6) was the
low osmolality buffer. High osmolality solutions contained 20% (w/v) sucrose
or 0.5 M NaCl. Water was removed from all three solutions using a centrifugal
vacuum concentrator and replaced with 99.9% D2O prior to the experiment.
Amide HDX was carried out by incubating 2 µl of protein with 18 µl of
perdeuterated buffer at 20 °C for various times (1, 2, 5, 10 and 30 min),
yielding a final concentration of 90% D2O. The undeuterated sample was
included as a negative control. Multiple wash steps were performed after the
undeuterated control to minimise sample carryover (Fang et al., 2011). The
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reaction mixture was quenched by the addition of 30 µl of pre-chilled 0.1% (v/v)
TFA solution to lower the pH of the solution 2.5. The quenched sample (50 µl)
was injected into a chilled nanoACQUITY UltraPerformance LC® (UPLC) system
(Waters Corporation, Milford, MA) as previously described (Wales et al., 2008).
In the UPLC system, the sample was trapped and digested with a 2.1 × 30 mm2
Poroszyme® immobilised pepsin column (Applied Biosystems, Foster City, CA)
supplied with 0.1% (v/v) formic acid in water at a flow rate of 100 µl/min.
Peptides were eluted using an organic solvent gradient of 8–40% (v/v)
acetonitrile in 0.1% (v/v) formic acid at 40 µl/min and resolved with a 1.0 × 100
mm2 ACQUITY UPLC BEH C18 reversed-phase column (Waters Corporation,
Milford, MA). Both the immobilised pepsin cartridge and C18 reversed-phase
column were housed in a refrigerated module maintained at 2 °C to minimise
deuterium back-exchange during analysis. Peptide signals were detected and
their masses were measured using a SYNAPT® High Definition Mass
SpectrometerTM (HDMSTM) (Waters Corporation, Manchester, UK) set to MSE
data acquisition mode, which is an unbiased, non-selective collision-induced
dissociation (CID) method (Bateman et al., 2002; Shen et al., 2009).
Peptides were first identified from MSE data of undeuterated samples
using ProteinLynx Global SERVER software (PLGS v2.4) (Waters Corporation,
Milford, MA) (Geromanos et al., 2009; Li et al., 2009). High-fidelity identification
was achieved by searching the peptides against a database containing the
EnvZc primary sequence cleaved by non-specific proteases with a tolerance of
10 ppm deviation from the theoretical mass-to-charge (m/z) ratios. Continuous
instrument calibration was carried out with 200 fmol/µl of [Glu1]-
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fibrinopeptide B (Glu-Fib) as a standard at a flow rate of 5 µl/min. Peptides
identified in the undeuterated samples were used to map the deuteration
profiles of experimental samples using Waters HDX Browser software (Waters
Corporation, Milford, MA). Peptides with non-overlapping and favourable
signal-to-noise ratio spectra were identified on the software by visual
inspection and the results with these peptides for all experimental time-points
were extracted and subjected to quantitative analysis using HX-Express
(Version Beta) software (Weis et al., 2006b). The software generated a centroid
value for the isotopic envelope of each peptide, which reflected the average
mass of the peptide. The difference in the average masses of the undeuterated
and experimental peptide represented the average number of deuterons
exchanged. Although the N-terminus amine could also undergo HDX, it
undergoes back-exchange reaction nearly instantaneously post-quench (Zhang
and Smith, 1993) and was thus excluded from the calculation. Deuterium
exchange difference plots were generated using DynamX (pre-release version)
(Waters Corporation, Milford, MA). For peptides with multiple (>2) overlaps,
up to two of the overlaps covering the most number of residues are displayed.
The non-hydrolysable ATP analogue, AMP-PNP, was used to determine
the effect of ATP binding to EnvZc. MgCl2 (final concentration: 2 mM) and
AMP-PNP (final concentration: 0.2 mM) were added to the sample and allowed
to react on ice for at least 30 min before proceeding with the amide HDX
experiment detailed above. A total of 37 peptides were obtained and analysed,
which spanned ~80% of the primary sequence of EnvZc. The deuterium back-
exchange loss during the experiment was determined by incubating apo-EnvZc
with perdeuterated Tris buffer (90% final deuterium concentration) for 24 h at
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RT. Using a subset of seven peptides that appeared fully deuterated (Table 2.1):
residues 259–276 (back exchange: 34.0%); residues 267–276 (back exchange:
34.6%); residues 259–278 (back exchange: 33.3%); residues 259–279 (back
exchange: 31.4%); residues 302–318 (back exchange: 29.9%); residues 306–318
(back exchange: 26.9%); and residues 306–320 (back exchange: 27.0%), the
back-exchange value was 31.0% ± 3.0%. This estimate was in agreement with
previously reported value from the laboratory (32.7% ± 1.0%) (Moorthy et al.,
2011). Apo-EnvZc was also incubated with perdeuterated Tris buffer containing
0.5 M NaCl for 24 h at RT to determine if the presence of osmolytes affected
deuterium back exchange in any way and no significant changes were found
(Table 2.1). All deuterium back-exchange values reported were corrected for
back-exchange by multiplying the raw centroid values by a factor of 1.49
(Anand et al., 2010).
Table 2.1—Summary of EnvZc amide hydrogen/deuterium exchange for 24 h
under low and high osmolality. Low osmolality buffer contained 15.5 mM Tris•HCl,
pH 7.6 while the high osmolality buffer contained 15.5 mM Tris•HCl, pH 7.6 with 0.5
M NaCl. The maximum deuterons incorporated are shown for 24 h deuterium
exchange with values reported as mean ± standard deviation calculated from at least
two independent experiments.
Peptide sequence (residue number) [m/z; z] Maximum exchangeableamides
Maximum deuterons exchanged (24 h)
Low osmolality High osmolality (0.5M NaCl)
Domain A (autophosphorylation and phosphotransfer domain)
QVGKGIIPPP (195–204)
[1005.61; +1] 6 2.8 ± 0.1 3.0 ± 0.2
QVGKGIIPPPLRE (195–207)
[702.42; +2] 9 4.6 ± 0.6 4.5 ± 0.4
SEVRSVT (211–217)
[777.41; +1] 6 3.1 ± 0.0 3.1 ± 0.2
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FNHMAAGVKQLADD (220–233)
[758.86; +2] 13 5.2 ± 0.2 5.4 ± 0.4
GVKQLADD (226–233)
[845.44; +1] 7 3.8 ± 0.3 3.9 ± 0.4
VKQLADDRTLL (227–237)
[1271.73; +1] 10 4.8 ± 0.3 4.8 ± 0.2
MAGVSHDLRTPLTRIRL (238–254)
[646.03; +3] 15 7.0 ± 0.4 6.8 ± 0.2
MAGVSHDLRTPLTRIRLATEM (238–258)
[1184.63; +2] 19 10.2 ± 0.4 10.1 ± 0.1
MSEQDGYLAE (259–268)
[1142.47; +1] 9 4.5 ± 0.1 4.6 ± 0.1
MSEQDGYLAESINKDIEE (259–276)
[1035.96; +2] 17 10.1 ± 0.0 9.8 ± 0.0
AESINKDIEE (267–276)
[1147.55; +1] 9 5.3 ± 0.2 5.6 ± 0.1
AESINKDIEECN (267–278)
[682.80; +2] 11 6.6 ± 0.1 6.6 ± 0.1
AESINKDIEECNA (267–279)
[718.32; +2] 12 7.4 ± 0.1 7.4 ± 0.1
SINKDIEE (269–276)
[947.47; +1] 7 4.4 ± 0.0 4.6 ± 0.1
FIDYLRTGQEMPMEM (284–298)
[930.92; +2] 13 7.2 ± 0.3 7.0 ± 0.2
LRTGQEMPME (288–297)
[1191.55; +1] 8 4.0 ± 0.2 3.9 ± 0.1
Domain B (catalytic and ATP-binding domain)
NAVLGEVIAAESGYERE (302–318)
[904.44; +2] 16 10.1 ± 0.0 9.8 ± 0.1
GEVIAAESGYERE (306–318)
[705.33; +2] 12 7.9 ± 0.0 7.7 ± 0.0
GEVIAAESGYEREIE (306–320)
[826.39; +2] 14 9.2 ± 0.0 9.1 ± 0.1
IETALYPGSIE (319–329)
[1192.61; +1] 9 4.9 ± 0.3 4.6 ± 0.2
VKMHPLSIKRAVANM (330–344)
[847.98; +2] 13 2.1 ± 0.3 2.2 ± 0.1
VVNAARYGNG (345–354)
[1020.52; +1] 9 4.7 ± 0.4 4.4 ± 0.3
WIKVSSGTEPNRA (355–367)
[722.88; +2] 11 2.6 ± 0.2 2.9 ± 0.1
WIKVSSGTEPNRAWF (355–369)
[889.45; +2] 13 2.5 ± 0.2 2.8 ± 0.0
WFQVEDDGPGIAPEQ (368–382)
[1687.76; +1] 12 3.2 ± 0.1 3.5 ± 0.3
QVEDDGPGIAPEQ (370–382)
[1354.61; +1] 10 3.5 ± 0.4 3.4 ± 0.3
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QVEDDGPGIAPEQR (370–383)
[755.86; +2] 11 4.3 ± 0.4 4.3 ± 0.3
AIVQRIVDNHNGM (407–417)
[733.88; +2] 12 5.1 ± 0.4 4.9 ± 0.3
AIVQRIVDNHNGMLEL (407–422)
[911.48; +2] 15 6.6 ± 0.4 6.5 ± 0.2
IVQRIVDNHNGM (408–419)
[698.36; +2] 11 5.0 ± 0.2 4.7 ± 0.2
VQRIVDNHNGM (409–419)
[641.82; +2] 10 4.5 ± 0.3 4.4 ± 0.2
LELGTSERGGL (420–430)
[1131.60; +1] 10 4.3 ± 0.7 3.8 ± 0.5
SIRAWLPVPVTRAQGTTKEG (431–450)
[1084.10; +2] 17 6.7 ± 0.5 6.6 ± 0.4
IRAWLPVPVTRAQGTTKEG (432–450)
[1040.58; +2] 16 6.7 ± 0.6 6.5 ± 0.4
RAWLPVPVTRAQGTTKEG (433–450)
[984.04; +2] 15 6.5 ± 0.3 6.4 ± 0.5
PVTRAQGTTKEG (439–450)
[622.83; +2] 11 5.1 ± 0.6 4.9 ± 0.5
2.2.7 Estimation of centroid values for calculation of average deuterium
exchange for fragment peptides showing bimodal distribution of amide
exchange
The peptide spanning residues 267–278 (AESINKDIEECN) exhibited two
distinct spectral peaks characteristic of EX1 deuterium exchange kinetics. This
bimodal distribution is indicative of local unfolding of this particular peptide
and detectable within the timescale of the experiment. The maximum
deuterons incorporated for this peptide fragment can be estimated by
calculating the centroid values for each modelled spectral peak (Gertsman et
al., 2010). To obtain the centroid for each of the two resolvable isotopic
envelopes, the spectrum was fit to the sums of two normal distributions using
GraphPad Prism (v5.01) (San Diego, CA). The centroid values for envelope I was
estimated to be significantly lower than envelope II (>4 deuterons).
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2.2.8 Amide HDXMS data analysis and display
Deuterium exchange in EnvZc under varying osmolytes or AMP-PNP
concentrations were calculated using HX-Express (Version Beta) (Weis et al.,
2006b) and Waters HDX Browser (Waters Corporation, Milford, MA). Results
were summarised via mirror and difference plots, which allow for a protein-
wide overview of changes that occur at the peptide level in a protein of
interest (Houde et al., 2011). Differences in deuterium exchange were plotted
using DynamX (pre-release version) (Waters Corporation, Milford, MA). This
plot displays the difference in deuterium exchange for all pepsin digest
fragment peptides at all time points of deuterium exchange, listed
sequentially from N- to C-terminus (residue numbers and their corresponding
domains are shown on the x-axis) under alternate conditions of interest. In our
study, these were used to summarise the effects of osmolality (NaCl and
sucrose) and nucleotide on EnvZc. The maximum theoretical exchangeable
amides exclude the N-terminus amine group and any proline residue
(Hoofnagle et al., 2003). Differences in deuterium exchange >±0.5 Da were
considered significant.
2.3 Results
2.3.1 High osmolality alters the conformation of a helix containing the His243
phosphorylation site
Because EnvZc was soluble and well behaved in solution, we performed
HDXMS (Hoofnagle et al., 2003) to determine whether the cytoplasmic domain
was sensitive to changes in osmolality. When we compared the exchange
rates of different EnvZc peptides in low (15.5 mM Tris•HCl, pH 7.6) versus high
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osmolality (15.5 mM Tris•HCl, pH 7.6 with 0.5 M NaCl or 20% (w/v) sucrose),
there were major differences. Three and two peptides with NaCl and sucrose,
respectively, were observed to be osmosensitive and exhibited altered
deuterium exchange. Two of these three osmosensitive peptides were located
within the N-terminal four-helix bundle subdomain and a third spanned a
loop connecting it to the ATP-binding domain. A complete summary of the
relative deuterium exchange rates of 37 pepsin fragment peptides of EnvZc is
represented as difference plots for NaCl (Figure 2.1A) and sucrose (Figure 2.1B).
Table 2.2 summarises the results of 18 peptides that were analysed at varying
concentrations of NaCl and sucrose following 5 min deuterium exchange.
Varying the osmolality did not result in any significant change in deuterium
exchange within the ATP-binding domain (Figure 2.1). The effect of osmolality
on the EnvZc four-helix bundle was not merely a generic salt effect, since both
NaCl and sucrose altered deuterium exchange at the same locations. Thus,
only three peptides, all located within the N-terminal four-helix bundle
subdomain, exhibited changes with osmolality.
Of these three peptides, peptides I and III showed increased exchange
with osmolality, reflecting increased dynamics. Peptide II (residues 238–254)
showed the largest decreases in exchange with osmolality (Figure 2.2). This is
significant, as it contains His243, the site of EnvZc autophosphorylation
required for downstream signalling. Isotopic envelopes of the spectra at low
and high osmolality reveal clear decreases in exchange at high osmolality
(Figure 2.2A). These differences were also evident from kinetic plots of
deuteration for this fragment with a clear dependence on NaCl or sucrose
concentrations (Figures 2.2B and C). This difference was most evident from 2
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to 5 min and indicated a difference of 2 deuterons exchanged in a peptide of
17 amino acids. Addition of 2 H-bonds would contribute substantially to
increased helicity in this region and is consistent with a previous NMR study
that noted that residues 243–248 were poorly defined and displayed increased
flexibility relative to the rest of the four-helix bundle (Tomomori et al., 1999).
We quantitated HDX rates across the protein at a range of NaCl (0 (100
mOsm/kg), 20 (110 mOsm/kg), 80 (200 mOsm/kg), 150 (330 mOsm/kg), 300 (600
mOsm/kg), 500 (960 mOsm/kg)) and sucrose concentrations (0% (100 mOsm/kg),
5% (200 mOsm/kg), 10% (370 mOsm/kg), 15% (570 mOsm/kg), 20% (780
mOsm/kg)). We observed decreased HDX only at the His243-containing peptide
and within the other helical segment within the four-helix bundle. The
estimated concentration at which we observed half maximal observed
deuterium exchange (after 5 min deuterium exchange) was 300 mM NaCl (600
mOsm/kg) and 15% sucrose (570 mOsm/kg) (Table 2.2), that is, nearly identical
osmolalities. No significant differences were observed for all the remaining
peptides (Figure 2.2; Table 2.2). We also examined the deuterium exchange of
all peptides of an EnvZc H243A mutant, which is incapable of
autophosphorylation. The H243A mutant peptide was insensitive to NaCl,
further highlighting the importance of His243 in osmosensing (Figure 2.2D).
Although the alanine substitution would favour increased helicity of this
peptide, the histidine was required for osmosensing. Thus, the dimerisation
interface formed by the four-helix bundle subdomain, including the helical
fragment containing His243, forms an osmosensitive core of EnvZc (Figure 2.2E).
It is possible that the presence of osmolytes may alter the rates of
amide exchange, thereby causing artefacts in the differences observed in
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EnvZc under low and high osmolality that were not actual conformational
changes in the protein. However, previous studies have shown that high
concentrations of osmolytes, particularly NaCl and sucrose, do not
significantly affect the intrinsic rates of amide hydrogen/deuterium exchange
(Lim et al., 2009; Wang et al., 1995). Further, as a control experiment, EnvZc
was first pre-digested with pepsin, upon which the pH was readjusted to 7.6,
and then subjected to HDXMS at low and high osmolality. No changes in
deuterium exchange were observed, indicating that osmolality-dependent
changes in EnvZc only occurred in the native state and were not a non-specific
effect on deuterium exchange (Figure 2.3). Furthermore, there were no effects
of osmolyte (using NaCl as the choice) on deuterium back-exchange for EnvZc
(Table 2.1). We further tested the suitability of other salts (KCl, MgCl2, and NaI)
and sugars (lactose, maltose, and glucose) as osmolytes. The His243-containing
peptide showed decreased exchange in response to all of these osmolytes in
the ranges and timescales observed with NaCl and sucrose (Figure 2.4).
Table 2.2—Summary of EnvZc amide hydrogen/deuterium exchange in the
presence of varying concentrations of NaCl and sucrose. Low osmolality buffer
contained 15.5 mM Tris•HCl, pH 7.6 and NaCl or sucrose was adjusted to the final
concentrations listed. The maximum deuterons incorporated are shown for 5 min
deuterium exchange, with values reported as mean ± standard deviation calculated
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Figure 2.1—Comparison of deuterium exchange for EnvZc at low and high
osmolality. A | Difference plot of the relative deuterium exchange for each pepsin-
digested fragment of EnvZc at low (100 mOsm/kg) and high osmolality (0.5 M NaCl;
960 mOsm/kg) following 2, 5, 10 and 30 min deuterium exchange (shown in solid
orange, pink, blue, and black lines, respectively). Each dot represents a pepsin digest
fragment of EnvZc and residue numbers are indicated from the N- to C-terminus on
the x-axis. The diagram below the residue numbers indicates the corresponding




(Figure 2.1, continued) denote decreases or increases in deuterium exchange at high
osmolality. All of the differences in exchange indicated are not corrected for
deuterium back exchange in the experiment. Changes in deuterium exchange > ±0.5
Da alone (dashed line) are considered significant for comparative deuterium exchange
analysis. Three peptides that demonstrated significant changes in deuterium
exchange were identified: I (residues 220–233) and I (residues 238–254) are peptides of
the N-terminal four-helix bundle and III (residues 302–310) forms part of the loop
connecting the four-helix bundle to the ATP-binding domain. Although 37 peptides
were analysed, only 27 peptides are displayed. The overlapping peptides were not
shown to avoid crowding the plot. B | Difference plot of the average relative fractional
uptake for EnvZc at low (100 mOsm/kg) and high osmolality (20% (w/v) sucrose; 780
mOsm/kg) after 2, 5, 10 and 30 min deuterium exchange. Details are as described in A.
Two of the same peptides were identified as in A: I (residues 220–233) and II (residues
238–254) are peptides of the N-terminal four-helix bundle.
Figure 2.2—The His243-containing peptide
exhibits decreased deuterium exchange at high
osmolality. A | ESI-Q-TOF mass spectra for the






(Figure 2.2, continued) the phosphorylatable His243 following 5 min of deuterium
exchange at high (0.5 M NaCl (960 mOsm/kg) or 20% (w/v) sucrose (780 mOsm/kg),
15.5 mM Tris•HCl, pH 7.6) or low (15.5 mM Tris•HCl, pH 7.6) (100 mOsm/kg)
osmolality. Red arrowheads indicate the centroid of the spectral envelopes.
Subtraction of the centroid of the undeuterated envelope yields the average deuterons
exchanged under each condition. The lower centroids observed at high osmolality
reflect decreased deuterium exchange. B | Time-course for amide HDX (1–30 min) for
EnvZc fragment of residues 238–254 (m/z = 646.03, z = +3) at varying concentrations of
NaCl and C | sucrose. Deuterium exchange reported is corrected for back-exchange as
stated in Materials and Methods. D | ESI-Q-TOF mass spectra of residues 238–244
(MAGVSAD) in the H243A mutant following 5 min deuterium exchange in the
presence of 0 (100 mOsm/kg) or 0.5 M NaCl (960 mOsm/kg). E | Structure of EnvZc
(223–289) dimer (PDB ID: 1JOY) (Tomomori et al., 1999) is shown in white. Residues
238–254 (orange) show decreased deuterium exchange at high osmolality. His243 (red
stick) is the site of autophosphorylation and phosphotransfer in EnvZ.
Figure 2.3—Structural integrity is required for EnvZc to respond to osmolality.
EnvZc was pre-digested with pepsin beads at pH 2.5 on ice for 5 min. Pepsin was
inactivated by increasing the pH to 7.6 using 1 M Tris•HCl and the beads were
removed by filter centrifugation prior to the HDX experiment as described in
Materials and Methods. A | Mass envelopes of the peptide spanning residues 238–254
and containing the phosphorylatable His243 following 5 min deuteration under low or
high osmolality (with 0.5 M NaCl). Shifts in the spectrum seen previously using intact
EnvZc under the same conditions (Figure 2.2A) were no longer apparent. B | Mass
envelopes of the peptide spanning residues 267–278 (AESINKDIEECN) following 5 min
deuterium exchange under low or high osmolality. The characteristic bimodal
distribution at low osmolality and drastic shift of the equilibrium at high osmolality
A B
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(Figure 2.3, continued) (see Figure 2.5A) was no longer observable under these conditions.
Figure 2.4—EnvZc responds to different osmolytes. EnvZc is known to respond to a
number of different osmolytes other than NaCl and sucrose (Kawaji et al., 1979;
Lugtenberg et al., 1976; Nikaido and Vaara, 1985; Ozawa and Mizushima, 1983).
Following titration studies with NaCl and sucrose, the estimated concentration at
which EnvZc showed half-maximal decreases in deuterium exchange was 300 mM
NaCl or 15% (w/v) sucrose (Table 2.2). The estimate was used to repeat the HDX
experiments with different salts and sugars. The left panel shows the mass spectra of
the His243-containing peptide (residues 238–254) after 5 min deuteration using
different salts and the right panel shows the spectra of the same peptide and
deuteration time-point using different sugars (30% glucose was used as it is a
monosaccharide while other sugars tested are disaccharides). Red arrowheads denote
the centroids of the spectra. All sugars and salts tested, except MgCl2, showed clear
decreases in deuterium exchange when compared to the unperturbed control (low
osmolality Tris•HCl buffer), indicating that EnvZc can sense and respond to all these
different osmolytes. It is not clear why MgCl2 did not show any changes, though its
function as the cofactor to coordinate ATP molecules in the kinase domain may
exclude it as part of the osmotic signal sensed by EnvZ. In any case, the similar
response (reduction in deuterium exchange) in all the conditions strongly suggests
that it is a universal mechanism that EnvZ employs to propagate the osmotic signal.
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2.3.2 The site of OmpR binding to EnvZ exhibits ensemble behaviour
All of the peptides that we examined demonstrated EX2 kinetics (Hoofnagle et
al., 2003), that is, the rate of folding was faster than deuterium exchange,
except residues 267–278 (m/z = 682.8, z = +2; AESINKDIEECN) of the second
helix in the four-helix bundle. It exhibited an entirely different deuterium
exchange profile from the other peptides (Figure 2.5), exemplified by EX1
kinetics where exchange was faster than folding/unfolding. At low osmolality,
the AESINKDIEECN peptide displayed a bimodal distribution in the amide
HDX profile within the deuterium exchange timeframes analysed, consistent
with this region undergoing local unfolding events (Kaltashov and Eyles, 2005).
The shift in the bimodal distribution showed a direct correlation with
osmolytes, where higher concentrations of NaCl (Figure 2.5A) or sucrose
(Figure 2.5B) significantly increased the intensity of the lower-exchanging
spectral envelope. The salt concentration dependence mirrored the effects on
the His243-containing peptide in that increasing NaCl led to reduced deuterium
exchange. A total of five overlapping peptide fragments covered this region
and all of the peptides minimally spanning residues 269–278 were
characterised by bimodal deuterium exchange profiles. Interestingly, this
bimodal distribution was much iminished in the H243A mutant, favouring the
higher-exchanging Envelope II (Figure 2.5C). This result further highlights that
the conformations of the two helices of the four-helix bundle are coupled and,
together, they form the osmosensing locus for EnvZc.
The AESINKDIEECN peptide is a likely site for interaction with the RR
OmpR (Figure 2.5D), based on analysis of conserved specificity determinants
(Skerker et al., 2008), covariance (Szurmant and Hoch, 2010), and chemical
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shift changes (Tomomori et al., 1999). At low osmolality, the peptide could be
rsolved as a combination of two Gaussian distributions (Gertsman et al., 2010)
(Figure 2.5E). One isotopic envelope profile with higher exchange represents
the population with weaker ordering (more coil-like). The isotopic envelope
asd
Figure 2.5—Amide HDXMS reveals local unfolding and ensemble behaviour in







(Figure 2.5, continued) following 5 min deuterium exchange. At low osmolality, the
isotopic envelopes show a characteristic bimodal distribution indicative of multiple
exchanging populations of peptides. This reflects a mixture of low- and high-
exchanging conformations of EnvZc. At high osmolality, the equilibrium is shifted to
favour the low-exchanging conformation. A gradual decrease of the higher-
exchanging Envelope II was observed as the NaCl concentration was increased from
0–500 mM, whereupon the lower-exchanging Envelope I increased in intensity.
Concentrations of NaCl with osmolality values used are 20 mM NaCl (110 mOsm/kg),
80 mM NaCl (200 mOsm/kg), 150 mM NaCl (330 mOsm/kg), 300 mM NaCl (600
mOsm/kg) and 500 mM NaCl (960 mOsm/kg). Osmolality of 100 mOsm/kg was
measured for Tris•HCl minus NaCl. B | ESI-Q-TOF mass spectra for the peptide
spanning residues 267–278 following 5 min deuterium exchange, in 0% (100 mOsm/kg)
and 20% (w/v) sucrose (780 mOsm/kg). C | ESI-Q-TOF mass spectra of residues 267–278
in the H243A mutant after 5 min deuterium exchange. Residues 267–278 no longer
responded to changes in osmolality after the substitution was introduced in the
His243-containing peptide of the adjacent helix, which also showed no change in
deuterium exchange profile compared with wild-type (Figure 2.2D), suggesting that
these two helices are functionally coupled. D | Structure of an EnvZc (223–289) dimer
(PDB ID: 1JOY) (Tomomori et al., 1999) is shown in white. Residues 267–278 (orange)
are part of the second helix proximal to the helix containing His243 (red) and
constitute a putative OmpR-binding domain based on conserved specificity
determinants (Skerker et al., 2008) and co-evolution analysis (Szurmant and Hoch,
2010). E | The spectral envelope of residues 267–278 following 10 min deuterium
exchange (z = +2) was fit to the sum of two Gaussian distributions using GraphPad
Prism (v5.0). The overall centroid value for the spectral envelope was 684.2 Da as
determined by HX-Express 2007 (Weis et al., 2006b). Envelope II corresponded to a
significantly higher exchange than Envelope I.
profile with lower exchange represents the more helical conformation. While
it is known that a bimodal distribution of deuterium exchange in a protein or
peptide is rare and can be falsely introduced through carryover of the
undeuterated sample (Fang et al., 2011), rigorous wash steps performed prior
to injection of the deuterated samples helped in minimising such artefacts.
This is seen from the time-course analysis of the peptide, where a gradual
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increase in the higher-exchanging envelope in the presence of osmolytes
became apparent over time, eventually forming spectra that are similar to
unperturbed EnvZc after a long deuteration time (30 min) (Figure 2.6). Thus,
EnvZc exists as an ensemble of conformations and osmolytes exert a helix
stabilisation effect, shifting the equilibrium to favour a more folded state.
Osmolality-dependent switching between helical and coil-like conformations
thus forms the basis for osmosensing by EnvZc.
Figure 2.6—Time-course analysis of
the putative OmpR binding site in
EnvZc. A | ESI-Q-TOF mass spectra for
the peptide spanning residues 267–278
in the absence of osmolytes following 1,
2, 5, 10, and 30 min of deuteration. Blue
dashed line indicates the centroid of the
higher-exchanging spectral envelope.
The higher-exchanging spectral enve-
lope is apparent in the protein by 2 min
of deuterium exchange and is dominant
by 5 min of deuteration when EnvZc
was not perturbed. In the presence of
B | NaCl and C | sucrose, the putative
OmpR binding site in EnvZc undergoes
slower local unfolding indicative of
helical stabilisation. Thus, the higher-
exchanging envelope is not apparent
until deuteration was carried out for a
longer duration (10 min). Both
conditions showed spectra similar to





2.3.3 EnvZc autophosphorylation increases with increasing osmolality
In order to correlate the decrease in exchange of the His243-containing peptide
at high osmolality (Figure 2.2) with EnvZ signalling, we examined the effect of
increasing osmolality on EnvZc autophosphorylation (Figure 2.7). Surprisingly,
there was a dramatic enhancement of autophosphorylation with increasing
NaCl concentration (compare top and bottom two panels in Figure 2.7A;
densitometric analysis is shown in Figure 2.7B).
Figure 2.7—Autophosphorylation of EnvZc (EnvZc~P) increases with increasing
osmolality. A | EnvZc was added a final concentration of 4 µM and incubated for the
indicated times (top) at RT. Each reaction was stopped with 3 µl of denaturing loading
dye and 10 µl of the 20 µl reaction was separated by 15% SDS-PAGE. The osmolality of
the reaction buffer was adjusted by addition of NaCl and measured by vapour point
depression and is indicated in the figure. See Materials and Methods for buffer
conditions. B | Densitometry of the experiment shown in A was performed using
Molecular Dynamics ImageQuant (v5.0) software. Results are plotted as a percent of




(Figure 2.7, continued) repeated using sucrose to replace NaCl as the osmolyte and D is
the densitometry for results in C. These assays were performed by Pahan
Godakumbura and Leslie K. Morgan from Professor Linda J. Kenney’s laboratory at the
University of Illinois, Chicago.
An explanation of this result is that increased H-bonding within the helix
containing His243 as observed by decreased deuterium exchange rates (Figure
2.2) results in increased autophosphorylation. This higher level of EnvZc~P
would result in higher levels of OmpR~P and increased OmpC expression
(Nara et al., 1986). Similar effects were observed with sucrose (Figures 2.7C and
D). There was a remarkable agreement with the rapid phase of
autophosphorylation evident in Figure 2.7B (0–10 min) and the peak of
reduced deuteration of the His243-containing peptide (Figures 2.2B and C).
2.3.4 Nucleotide binding is uncoupled from osmosensing
The nucleotide-binding domain features a large lid-like structure, which
functions to bind ATP (Tanaka et al., 1998). In the presence of osmolytes such
as sucrose or salt, no significant differences in deuterium exchange were
observed within the ATP-binding and phosphotransfer domain, that is,
conditions that reduced exchange of the His243-containing peptide did not
alter the ATP-binding domain (Figure 2.1; Table 2.2). In contrast, addition of
the non-hydrolysable analogue AMP-PNP decreased deuterium exchange
throughout the ATP-binding domain (Figure 2.8A). Specifically, residues 368–
421 exhibited decreased exchange in the presence of AMP-PNP, which directly
correlated with ligand binding. There was no change in the putative OmpR-
binding site upon addition of AMP-PNP (Figure 2.8B), that is, the bimodal
72
distribution of the AESINKDIEECN peptide was unaffected by AMP-PNP. The
effect of 0.5 M NaCl on EnvZc in the presence of AMP-PNP was also examined.
The His243-containing peptide showed decreased exchange upon addition of
0.5 M NaCl to the same extent as observed in the absence of AMP-PNP (Table
2.3). Thus, nucleotide binding was not allosterically coupled to osmosensing at
the His243-containing peptide, indicating that osmosensing and ATP-binding
are two distinct, discrete events. This result has implications for a role of the
putative phosphatase activity of EnvZ as the regulated step in osmoregulation,
since this enzymatic activity has been shown to be nucleotide dependent (see
Section 2.4.4).
Table 2.3—Summary of EnvZc amide hydrogen/deuterium exchange in the
absence and presence of AMP-PNP and when His243 is mutated to Ala. AMP-PNP
was added to EnvZc in low osmolality buffer (15.5 mM Tris•HCl, pH 7.6, 2 mM MgCl2)
at a final concentration of 0.2 mM prior to the HDXMS experiment. EnvZc was
incubated on ice for at least 30 min for ligand binding. The maximum deuterons
incorporated are shown for 5 min deuterium exchange, with values reported as mean
± standard deviation calculated from at least two independent experiments. The
effect of high osmolality (using 0.5 M NaCl; 960 mOsm/kg) on both the EnvZc-AMP-
PNP complex and H243A mutant are also shown. Asterisk (*) on residues 238-254
denotes the peptide carrying the His243 to Ala substitution and the second m/z and z
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Domain A (autophosphorylation and phosphotransfer domain)
QVGKGIIPPPLRE (195–207)
[702.42; +2] 9 6.8 ± 0.3 7.0 ± 0.0 6.8 ± 0.0 7.0 ± 0.0 6.8 ± 0.1
QVGKGIIPPPLREYGAS (195–211)
[891.50; +2] 13 — — — 9.8 ± 0.0 9.5 ± 0.1
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FNHMAAGVKQLADD (220–233)




15 7.6 ± 0.1 8.5 ± 0.1 7.6 ± 0.0 7.9 ± 0.1 7.7 ± 0.1
LRTGQEMPMEM (288–298)
[661.80; +2] 9
6.6 ± 0.4 6.1 ± 0.1 5.6 ± 0.2 — —
Domain B (catalytic and ATP-binding domain)
NAVLGEVIA (302–310)
[885.50; +1] 8 1.6 ± 0.4 1.6 ± 0.0 2.7 ± 0.1 2.1 ± 0.0 2.2 ± 0.0
NAVLGEVIAAESGYEREIE (302–320)
[1025.01; +2] 17 — — — 12.5 ± 0.2 12.9 ± 0.1
GEVIAAESG (306–314)
[832.41; +1] 8 5.4 ± 0.4 5.5 ± 0.2 5.3 ± 0.2 5.0 ± 0.0 5.1 ± 0.1
GEVIAAESGYERE (306–318)
[705.33; +2] 12 8.8 ± 0.4 9.3 ± 0.2 8.6 ± 0.0 8.7 ± 0.1 8.7 ± 0.1
IETALYPGSIE (319–329)
[1192.61; +1] 9 5.5 ± 0.4 5.1 ± 0.0 5.6 ± 0.0 5.5 ± 0.0 5.5 ± 0.1
VKMHPLSIKRAVANM (330–344)
[565.66; +3] 13 1.9 ± 0.1 1.6 ± 0.2 1.4 ± 0.1 2.4 ± 0.1 1.4 ± 0.0
WIKVSSGTEPNRA (355–367)
[722.88; +2] 11 2.9 ± 0.0 2.6 ± 0.1 2.1 ± 0.1 4.6 ± 0.0 3.1 ± 0.2
IKVSSGTEPNRAWF (356–369)




23 12.7 ± 0.4 11.6 ± 0.3 11.3 ± 0.1 11.9 ± 0.1 11.1 ± 0.3
RTISGTGLGL (397–406)
[974.56; +1] 9 6.1 ± 0.2 5.2 ± 0.3 5.0 ± 0.1 5.3 ± 0.0 5.0 ± 0.2
ISGTGLGL (399–406)
[717.41; +1] 7 4.2 ± 0.1 3.5 ± 0.2 3.5 ± 0.0 3.6 ± 0.0 3.4 ± 0.0
RIVDNHNGM (411–419)
[528.25; +2] 8 — — — 1.0 ± 0.0 0.7 ± 0.0
LELGTSERGGL (420–430)
[566.30; +2] 10 — — — 4.5 ± 0.0 4.0 ± 0.1
ELGTSERGGL (421–430)
[1018.52; +1] 9 — — — 3.1 ± 0.0 2.9 ± 0.2
ELGTSERGGLS (421–431)
[553.27; +2] 10 3.7 ± 0.0 3.6 ± 0.2 3.4 ± 0.2 3.6 ± 0.0 3.2 ± 0.2
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Figure 2.8—Effects of high osmolality and AMP-PNP binding on the ATP-binding
subdomain of EnvZc. A | The structure of the ATP-binding subdomain of EnvZc bound
to AMP-PNP is shown in white (PDB ID: 1BXD) (Tanaka et al., 1998). The ATP-binding
subdomain showed no significant change in deuterium exchange profile at high
osmolality (Figure 2.2; Table 2.3). In contrast, AMP-PNP binding greatly reduced
deuterium exchange in the ATP-binding domain as expected, particularly at residues
368–421 (purple). B | Nucleotide binding by the non-hydrolysable ATP analogue, AMP-
PNP, does not alter the conformational ensemble properties of EnvZc (residues 267–
278), making it unlikely that the EnvZ phosphatase activity is regulated by osmolality
or nucleotide binding (see Section 2.4.4 in Discussion).
2.3.5 The cytoplasmic domain of EnvZ is capable of osmosensing in vivo
In order to determine whether the transmembrane helices and periplasmic
domain of EnvZ were required for osmosensing in vivo, we examined whether
the cytoplasmic domain of EnvZ (EnvZc) was capable of osmosensing. Previous
studies have shown that EnvZ works through OmpR to control porin gene
expression (Slauch et al., 1988). We used a gene reporter assay measuring β-
galactosidase activity of an ompC-lacZ fusion (Hall and Silhavy, 1979) that
responds to osmotic stress (Figure 2.9). At low osmolality, the wild-type strain
exhibited a low activity of ompC-lacZ that increased dramatically at high
A B
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osmolality (circles). In the isogenic envZ-null strain, essentially no activity was
observed at any osmolality (squares). When the envZc-encoding plasmid was
expressed, the ompC-lacZ activity increased in parallel with the wild-type strain
over the same osmolality range, but started at a higher level (triangles). The
observation that EnvZc restored the normal increase in ompC-lacZ activity with
increasing osmolality indicated that it was capable of osmosensing, even
though it was no longer inserted in the inner membrane. Although there was
a similar increase in activity with the wild-type EnvZ and EnvZc as a function
of increasing osmolality, the cytoplasmic domain appeared ‘leaky’ in that it
produced a higher background level of ompC-lacZ activity. The basis of the
increased expression might result from the loss of a regulatory domain (e.g.,
the transmembrane domains or the periplasmic domain) or increased levels of
EnvZc compared with the wild type. Previous studies that reported normal
levels of OmpF and OmpC after overexpressing envZ in a wild-type envZ
background suggested that the system was robust and OmpR~P levels were
not dependent on EnvZ concentration (Batchelor and Goulian, 2003). The
results in Figure 2.8 suggest that the increase in ompC-lacZ activity may result
from loss of a regulatory domain or a lack of robustness, but in any case,
osmosensing still occurs normally with the cytoplasmic domain of EnvZ alone.
Figure 2.9—EnvZc is capable of
osmosensing. β-galactosidase as-
say of ompC-lacZ is shown. MH225
is a derivative of MC4100
(Casadaban, 1976) and contains
an ompC-lacZ fusion and is wild-
type (circles), envZ-null (squares)
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(Figure 2.9, continued) or envZ-null complemented with envZc (triangles). The strains were
grown in low osmolality A medium or in A medium plus various sucrose (w/v)
concentrations; the osmolality is indicated on the x-axis. Measurements were made in
triplicate and the experiment was repeated twice. The symbols represent the mean ±
standard deviation (error bars). The absence of error bars indicates that the error was
less than the symbol. The activity of the ΔenvZ strain containing the empty vector was
much lower compared with the WT strain. Addition of a plasmid-encoding full-length
envZc (penvZc) to the ΔenvZ strain significantly increased the expression of OmpC-LacZ
by approximately twofold over the WT strain.
2.4 Discussion and Conclusion
2.4.1 Stabilisation of the four-helix bundle containing His243 at high osmolality
provides the molecular basis for EnvZ signalling
Our HDXMS results emphasise that EnvZc is conformationally highly dynamic
at low osmolality. The results are consistent with localised breathing or
unfolding (Englander and Kallenbach, 1983) occurring at specific regions of
EnvZc, particularly at the N-terminal four-helix bundle that forms the dimer
interface, wherein EnvZ exists as an ensemble of fully folded and partially
unfolded conformations in solution. It is interesting to note that this is the
locus for autophosphorylation as well as binding and phosphotransfer to
OmpR. Intrinsic dynamics were observable for residues 267–278
(AESINKDIEECN) on the basis of the bimodal distribution of isotopic envelopes,
reflecting fully-folded and partially-unfolded states within the timeframe of
our deuterium exchange experiments. While the exchange cannot be
precisely measured in the peptides exhibiting bimodal distribution for
deuterium exchange, the shift in distribution by osmolality provides the
additional insight that this region undergoes slow, local unfolding.
Furthermore, the effect of NaCl in stabilising the helical segment was evident
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(Figure 2.5). The higher-exchanging isotopic envelope (Envelope II) shows, on
average, at least four additional deuterons exchanged and is suggestive of
localised helical unfolding. The bimodal distribution was significantly shifted
at high osmolality to favour the decreased exchange sate and thereby a folded
helical conformation of peptides. This is significant, as it suggests a basis for
the intrinsic basal autophosphorylation rate and signalling activity for EnvZc,
even at low osmolality. That is, EnvZc exists in a dynamic equilibrium and
high osmolality shifts the equilibrium to the activated state. The NaCl
concentration dependence of the AESINKDIEECN peptide mirrored the effects
on the His243-containing peptide. Furthermore, substitution of His243 with
alanine greatly diminished the dynamics and salt stabilisation of residues 267–
278 (Figure 2.5C). Thus, the two helical segments from each monomer were
dynamically coupled and further support our conclusion that the four-helix
bundle subdomain forms the osmosensory locus in EnvZc. Taken together, our
results indicate that intracellular osmolytes exert a helix stabilisation effect
(Bolen and Rose, 2008) via enhanced H-bonding reflected by decreased
deuterium exchange. Studies with short alanine-based and poly-L-glutamate
peptides have shown how ionic strength can alter helix-coil equilibria in
solution, wherein osmolytes increase helicity (Scholtz et al., 1991; Stanley and
Strey, 2008). This stable conformation enhances the autophosphorylation rate
and, consequently, downstream phosphotransfer and signalling.
2.4.2 Proposed signalling events
Our results described herein lead us to propose the following events during
osmosensing: Under normal conditions (i.e., in vivo ATP concentrations
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between 1–10 mM, in vast excess of ADP) (Mathis and Brown, 1976) and an
apparent affinity of EnvZ for ATP of 0.2 mM (Kenney, 1997), EnvZc exists
predominantly in the ATP-bound state. An increase in external osmolality
would lead to an increase in intracellular osmolality and induce
conformational changes in EnvZ by enhancing helix stability through
increased intramolecular H-bonding within the His243-containing peptide and
OmpR-binding sites. This stable conformation facilitates increased
autophosphorylation and phosphotransfer to OmpR. The lower affinity of
OmpR~P compared with OmpR would promote the release of OmpR~P from
EnvZ (Mattison and Kenney, 2002), enabling it to bind to the porin promoters
with high affinity (Head et al., 1998).
2.4.3 Do the periplasmic and transmembrane domains of EnvZ play a role in
osmosensing?
The periplasmic and/or transmembrane domains of EnvZ were previously
proposed to be the putative sensor region, but results to date are not
consistent with one another (Tabatabai and Forst, 1995; Tokishita et al., 1991,
1992). Surprisingly, although EnvZc has been shown to possess activities
similar to its full-length counterpart (Park et al., 1998), it had not been
reported to play a role in osmosensing. Our results show an astonishing ability
of EnvZc to respond to osmolality in vivo (Figure 2.9). While the cellular
localisation was not determined, EnvZc protein was present in the soluble
fraction and hence not bound to the inner membrane. It is possible that EnvZc
may somehow weakly interact with the inner membrane, but our results
establish that the periplasmic and transmembrane domains are not essential
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for osmosensing. Given that mutants have been isolated in the
transmembrane regions that have effects on EnvZ activity (Tokishita and
Mizuno, 1994), it would be surprising if they did not contribute somewhat to
the strength of the output response and experiments are underway to test
that hypothesis. A recent study indicated that, for low copy number genes in
single cells, there was no correlation between transcription, translation, and
protein levels (Taniguchi et al., 2010). Perhaps, membrane anchoring of EnvZ
ensures a reasonable protein copy number in cells that might otherwise be
more variable, rather than playing a direct role in osmosensing. Alternatively,
it may reduce a three-dimensional search for OmpR and its targets to a two-
dimensional one. Our results and those of others present an emerging view of
a subset of protein sensor kinases that act via cytoplasmic stimulation, rather
than by transmembrane signalling (Möker et al., 2007; Rothenbücher et al.,
2006).
2.4.4 Implications for the EnvZ phosphatase activity
The EnvZ-stimulated dephosphorylation of OmpR~P (EnvZ ‘phosphatase’
activity) was proposed to be the regulated step in response to osmotic stress
(Jin and Inouye, 1993). Nucleotide binding (but not ATP hydrolysis) stimulated
the EnvZ-dependent turnover of OmpR~P (Aiba et al., 1989). Our HDXMS
results demonstrated that conformational changes in the ATP-binding domain
were independent and uncoupled from changes in the OmpR-binding site
(residues 267–278; AESINKDIEECN), making it unlikely that the phosphatase
activity could be regulated by osmolality and stimulated by nucleotides (Figure
2.8B; Table 2.3). Instead, our results are consistent with an alternative view
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that the in vivo level of EnvZ is too low for the phosphatase activity to be
significant in signalling (Kenney, 2010; Mattison and Kenney, 2002) and that
the affinity of EnvZ for OmpR~P is lower than its affinity for OmpR, which
would drive the reaction in the wrong direction (King and Kenney, 2007;
Mattison and Kenney, 2002). Furthermore, the results in Figure 2.7
demonstrate a direct effect of osmolytes on EnvZc autophosphorylation,
identifying it as the osmo-stimulated activity.
2.4.5 A model for osmosensing: helix-coil transitions at the autophosphorylation
site
Ligand binding to the external domain of the chemoreceptor generates an
internal signal that modifies the intracellular kinase activity of CheA (Falke
and Hazelbauer, 2001). Multiple lines of evidence suggest that the signalling
mechanism requires a piston-like movement of the signalling helix towards
the cytoplasm. A similar mechanism might occur in EnvZ. However, on the
basis of our deuterium exchange results, we favour a stretch-relaxation model
in which the stretched state undergoes a local unfolding within the helical
region and the relaxed state exhibits increased folding, leading to enhanced
rates of phosphorylation (Figure 2.10). This model is supported by the
decreased exchange that we observed within the peptide containing the
autophosphorylation site, His243 (Figures 2.1 and 2.2), accompanied by an
increase in autophosphorylation (Figure 2.7), as well as the bimodal
distribution of deuterium exchange observed for the putative OmpR-binding
region (residues 267–278; AESINKDIEECN) (Figures 2.5 and 2.6). It is also
supported by the NMR studies that noted that residues 242–248 were poorly
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defined and displayed structural flexibility (Tomomori et al., 1999). This type of
stretch-relaxation has recently been measured in the p130Cas protein, a Src
family kinase substrate, where substrate activation (phosphorylation) occurs
upon stretch and inhibition of phosphorylation occurs upon relaxation or
folding (Sawada et al., 2006). In that system, as we observed with EnvZc, local
unfolding of the helix is propagated by chemical signal (phosphorylation),
leading to G-protein activation. In both of these examples, EnvZ or p130Cas
proteins are poised to change from a stretched (unfolded) to a relaxed (folded)
state upon the appropriate signal, either osmolality or force changes.
memmebranesdasdsa
Figure 2.10—Stretch-relaxation
model for EnvZ omosensing and
signal transduction. EnvZc exists as
an ensemble of conformations that
are highly dynamic. This switch is
sug-gestive of interchanging intra-
helical H-bond formation and break-
age. At low osmolality, a stretched
conformation with weaker intra-
helical H-bonding predominates in
solution (left panel). High osmolality
favours a more folded conformation (right panel) through increased stabilisation of
intrahelical H-bonds. This conformation facilitates enhanced rates of His243
autophosphorylation and phosphotransfer to OmpR.
2.4.6 Mechanism for osmosensing by EnvZ
On the basis of our in vivo functional assays, in vitro kinase measurements, and
HDXMS experiments, we show that EnvZc is capable of osmosensing without
being located in the inner membrane of the bacterial cell. This addresses an
enduring question as to how osmosensory stimuli are transmitted across the
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membrane. The prevailing view was that the cytoplasmic domain alone was
incapable of responding to extracellular osmolality in the absence of the
transmembrane segments. In addition, the observation that both NaCl and
sucrose signalled through EnvZ made it unlikely that stimulation was
achieved via a ligand-binding event. Our results suggest that osmotic stress is
transmitted passively to the cytoplasmic domain, where a stabilising effect on
key helices responsible for autophosphorylation and phosphotransfer to
OmpR is exerted. This model also explains how single amino acid
substitutions located in the His243 peptide (Nara et al., 1986; Verhoef et al., 1979)
can constitutively activate or inhibit autophosphorylation independently of
osmotic stress through shifts in equilibria governing local folding/unfolding of
the helical segments. The model at last provides a physical basis for how EnvZ
can respond to diverse chemical osmolytes such as sucrose and NaCl.
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CHAPTER THREE
Signal Transduction in Sensory Histidine
Kinases via Integration of Protein Backbone
and Side Chain Dynamics
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3.1 Introduction
Dynamics forms the important bridge connecting structure and function of
proteins. In signalling proteins, dynamics is precisely aligned with signal
detection, amplification, and propagation, which are processes that govern
signalling function. Phosphorylation forms the bulk of signalling protein
output in biology. While the sites of phosphorylation and mechanism of
phosphotransfer are largely understood, how signalling proteins ‘detect’
diverse stimuli and funnel these into phosphorylation cues are poorly
understood. Histidine kinases are signalling proteins that are part of stimulus-
response coupling mechanisms known as two-component signalling (TCS)
systems (Goulian, 2010). The two components in TCS include a histidine
kinase (HK) and a response regulator (RR).
In Escherichia coli, one of the cellular responses to changes in osmolality
is mediated by the EnvZ-OmpR TCS (Slauch et al., 1988; Slauch and Silhavy,
1989). EnvZ is a dimeric inner membrane protein with each monomer
consisting of two transmembrane segments and a cytoplasmic domain that
consists of a four-helix dimerisation subdomain and an ATP-binding
subdomain. NMR structures of the four-helix subdomain (Tomomori et al.,
1999) and the ATP-binding subdomain (Tanaka et al., 1998) are available. The
four-helix bundle forming the dimer interface contains both the conserved
His243 autophosphorylation site and putative OmpR binding site. The NMR
structure of the four-helix subdomain was solved at low osmolality (Figure 3.1)
(Table 3.1). EnvZ undergoes autophosphorylation at His243 (Forst et al, 1989;
Igo & Silhavy, 1988) in response to changes in osmolality (stimulus) and
phosphorylates OmpR on a conserved Asp (Asp55) residue (Delgado et al, 1993).
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This phosphorelay between EnvZ and its cognate response regulator OmpR
regulates the relative abundance of two porin proteins, OmpF and OmpC in
the outer membrane. Such histidyl-aspartyl phosphorelay systems are
widespread in bacteria and lower eukaryotes for the detection, response, and
adaptation to diverse environmental stresses. While the mechanism of
phosphorelay between histidine kinases and their downstream regulators has
been defined, an understanding of how sensor histidine kinases recognize
diverse environmental stimuli and translate these into changes in
autophosphorylation remains elusive.
Figure 3.1—Osmolyte-mediated stabilisation of secondary structure as the
osmosensing model for EnvZ. We have previously proposed that EnvZ senses
changes in osmolality via modulation of dynamics at its osmosensing locus within the
four-helix bundle subdomain (Wang et al., 2012; see Chapter Two). The subdomain is
formed by two monomers (blue and white) of EnvZ at the dimer interface. At low
osmolality, the region spanning His243 (green stick for His and orange for the region)
is partially unfolded around His243. Under high osmolality, the region undergoes
increased ordering through formation of intrahelical H-bonds that enhance EnvZ
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autophosphorylation. Structures of the four-helix bundle subdomain solved via NMR
(left; PDB ID: 1JOY) (Tomomori et al., 1999) and X-ray crystallography (right; PDB ID:
4CTI) (Ferris et al., 2014) mimicking low and high osmolality conditions (see Table 3.1),
respectively, show osmolality-mediated ordering in tertiary structure and are
consistent with osmosensing model. Residue numbering for the crystal structure is
shifted as the cytoplasmic domain of EnvZ is fused with the HAMP domain of
Archaeoglobus fulgidus at the N-terminus (Ferris et al., 2014).
Table 3.1—Comparison of the conditions used to solve the structures of EnvZc.
Estimation of the osmolality based on the experimental condition used to solve the
solution (Tomomori et al., 1999) and crystal (Ferris et al., 2014) structures. Abbreviations:
AEBSF, 4-(2-aminoethyl)benzenesulphonyl fluoride; DTT, dithiothreitol; MMT, malic
acid-MES (2-(N-morpholino)ethanesulphonic acid)-Tris; PEG, polyethylene glycol.
Structural method NMR (from Tomomori etal., 1999; PDB ID: 1JOY)
X-ray crystallography










5 mM perdeuterated DTT
50 μM sodium azide
2–20 mg/ml protein (~663
μM)





a This was estimated by calculating the number of osmoles of sodium phosphate (40
mOsm), KCl (150 mOsm), MgCl2 (15 mOsm), AEBSF (0.5 mOsm), DTT (5 mOsm).
b This was estimated solely using 25% (w/v) PEG-1500. The osmolality of PEG-1500 was
calculated using the formula: RTcΠ , where Π is the osmotic pressure in MPa, c is
the osmolality in moles kg–1, and RT is 2.446 kg MPa mol–1 at 21 °C (Money, 1989). 25%
(w/v) PEG-1500 corresponds to ~0.17 M and ~1.5 MPa in osmotic pressure based on the
measurement by Money, 1989.
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We have recently shown that the cytoplasmic domain of EnvZ (EnvZc),
which lacks 179 residues at the N-terminus, is fully capable of functioning as
an osmosensor (Wang et al., 2012). EnvZc exhibited osmolality-dependent
increases in autophosphorylation and was able to rescue porin expression in
an envZ-null (envZ) E. coli strain, indicating that it retained both its
autophosphorylation and osmosensing abilities. EnvZ is an excellent model to
probe how environmental stresses such as osmolality changes are translated
into a biochemical autophosphorylation response. A major insight into this
process came from dynamics studies probed by amide hydrogen/deuterium
exchange mass spectrometry (HDXMS) (Hoofnagle et al., 2003; Kaveti and
Engen, 2006; Wang et al., 2012). Our previous HDXMS analysis (Wang et al.,
2012) revealed that the four-helix subdomain in EnvZ showed higher relative
deuterium exchange at low osmolality compared to the rest of the protein,
indicative of local unfolding or local disorder (Wang et al., 2012; see Chapter
Two). In the presence of osmolytes in vitro, reduced deuterium exchange was
observed across the four-helix subdomain, indicating an increased stabilisation
of the helices, which correlated with enhanced autophosphorylation (Figure
3.1). These results established that increased osmolality stabilises EnvZ by
ordering both the His-containing and proximal OmpR-binding helices. On the
basis of these results, we proposed a local unfolding model for EnvZ
osmosensing, wherein osmolyte-mediated stabilisation of EnvZ enhanced its
autophosphorylation. A recent structure of EnvZc solved by X-ray
crystallography, under conditions more closely mimicking high osmolality
(Table 3.1), shows clear evidence of helical stabilisation in the osmosensing
locus and is consistent with our results (Ferris et al., 2014) (Figure 3.1).
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Our published results and the model described above provide
important clues on the connection between stabilisation of secondary
structure backbone dynamics and enhanced autophosphorylation in histidine
kinases. Addressing this question necessitates an understanding of how
changes in backbone dynamics at the His-containing locus together with its
flanking helix alter the microenvironment of His243 and its neighbours,
leading to increased autophosphorylation (Figure 3.2A). Random mutagenesis
of envZ previously identified seven residues in the His-containing helix
(residues 238–253) to be critical for porin expression (Figure 3.2B) (summarised
in Forst and Roberts, 1994). All of the mutants identified were constitutively
activating (OmpF–/OmpC+) except for one, EnvZ A239T, which showed reduced
porin expression (OmpF–/OmpC–) attributed to a loss of kinase function (Russo
and Silhavy, 1991).  These mutants provided a versatile system to localise the
osmosensing core of EnvZ and correlate osmolality-dependent alterations in
backbone dynamics to changes in autophosphorylation at the conserved
histidine.
Histidines are commonly observed in functional sites of enzymes
because the pKa of ionisation of the imidazole side chain is close to
physiological pH (Li and Hong, 2011; Puttick et al., 2008). This allows the side
chain to assume alternate δ- or ε-protonated tautomeric forms (Hass et al., 2008;
Huang et al., 1984; Puttick et al., 2008) (Figure 3.2C). The nitrogen atom that is
not covalently bonded to hydrogen in either tautomeric form can subject
high-energy phosphates such as adenosine triphosphate (ATP) to a
nucleophilic attack, resulting in histidine phosphorylation. Phosphorylation
on the histidine always occurs on the nitrogen atom that is not covalently
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bonded to a hydrogen and phosphotransfer is thus very sensitive to its
microenvironment (Klumpp and Krieglstein, 2002). Histidines are also unique
in coupling side chain interactions with the main chain of the helix spanning
the residue through ring-flips and rotamerisation of two side-chain torsion
angles (χ1 and χ2) (Figure 3.2D). These confer additional conformational
flexibility to the backbone (Hu et al., 2010; Huang et al., 1984).
Figure 3.2—The link between
protein dynamics and the
chemistry of histidine phos-
phorylation. A | The mechanism
by which EnvZ transduces
changes in environmental condi-





(Figure 3.2, continued) This study aims to investigate the mechanism by monitoring
dynamic changes in the main chain and secondary structures of EnvZc and its
mutants using HDXMS and correlating them with changes in the side chain chemistry
and contacts that lead to increased His243 autophosphorylation. B | Mutations at
residues near His243 caused impairment in outer membrane porin protein expression
independent of the osmolality of the solution (for review, see Forst and Roberts, 1994).
All mutations led to constitutive OmpC expression (OmpF–/OmpC+) except for A239T,
which showed negative expression of either porins (OmpF–/OmpC–) profile relative to
the wild-type (Russo and Silhavy, 1991). C | The imidazole side chain in histidines is
unique in that it can assume alternate tautomers (Nδ1-protonated or Nε2-protonated).
Phosphorylation occurs on the nitrogen atom that is not covalently bound with a
hydrogen, where the lone pair acts as a nucleophile that attacks the high-energy
phosphate (such as from ATP). D | Histidines also have large degrees of freedom for
rotamerisation conferred by two torsion angles (χ1 and χ2).
Mutants of His243 expectedly eliminated autophosphorylation but,
interestingly, HDXMS analysis of the EnvZc H243A mutant also showed that
osmolytes were ineffective in stabilising the four-helix bundle subdomain
(compare wild-type EnvZc versus EnvZc H243A in Figures 2.2 and 2.5). This
result indicated that the His243 side chain was also essential for coupling
osmolality-dependent changes in backbone dynamics with autophospho-
rylation. It also provided the first insights as to how changes in polypeptide
dynamics could be coupled to rearrangements in side chain contacts to
facilitate histidine autophosphorylation (Figure 3.2C).
In this study, we establish the link between ordering of secondary
structure and autophosphorylation in histidine kinase, EnvZ, by comparing
the enzymatic function, autophosphorylation, and dynamics of an inhibitory
(A239T) and an activating (T247R) mutant. The results are presented together
with an analysis of the phosphorylation-incapable H243A mutant. The
combination of monitoring H-bonding dynamics by HDXMS and correlating it
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with autophosphorylation chemistry and in vivo gene transcription assays
enables us to directly correlate protein dynamics with function. Our results
reveal that non-covalent H-bonding interactions mediated between the His243
side chain nitrogen, backbone carbonyl of Ala239, and backbone amide of
His243 together form the locus of osmosensing, allowing a sensitive coupling of
dynamics with histidine phosphorylation and downstream signalling. This
represents the first high-resolution description of the sensory mechanism of
histidine kinases based on insights from EnvZ. This also highlights the
versatility of histidine residues in responding to environmental stimuli
through coordinated integration of polypeptide backbone H-bonding,
imidazole chemistry, and reversible phosphorylation.
3.2 Materials and Methods
3.2.1 Materials
All chemicals were of reagent grade or higher and obtained from Sigma-
Aldrich (St. Louis, MO) unless otherwise specified. E. coli BL21(DE3) strain was
purchased from Novagen (Madison, WI). Tryptone and yeast extract for
making lysogeny broth (LB) were from BD Biosciences (Franklin Lakes, NJ).
Isopropyl β-D-1-thiogalactopyranoside (IPTG) and ampicillin were from Bio
Basic, Inc. (Ontario, Canada). Sodium dodecyl sulphate (SDS; ultrapure grade)
was from Sinopharm Group Company Ltd. (Shanghai, China). N,N,N’,N’-
tetramethylethane-1,2-diamine (TEMED; electrophoresis grade) was from MP
Biomedicals (Solon, Ohio), ammonium persulphate and 30% acrylamide/bis-
acrylamide were from Bio-Rad Laboratories (Hercules, CA) and Coomassie Blue
G 250 was from US Biological (Swampscott, MA). Ethylenediaminetetraacetic
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acid (EDTA)-free complete protease inhibitor cocktail tablets were purchased
from Roche Diagnostics GmbH (Mannheim, Germany). TALON® cobalt affinity
resin was obtained from Clontech Laboratories (Mountain View, CA) and
trifluoroacetic acid (TFA) (protein sequence analysis grade) was acquired from
Fluka Biochemika (Buchs, Switzerland). Sucrose (ultrapure grade) and glycerol
were from 1st Base (Science Park, Singapore).
3.2.2 EnvZc mutagenesis
The three EnvZc mutants were generated using inverse PCR method. pET11a-
envZc expressing EnvZc with an N-terminal hexahistidine tag was a kind gift
from Professor Masayori Inouye from the University of Medicine and Dentistry
of New Jersey and used as the template. Site-specific mutation at Ala239 to Thr
was introduced using 5’–CTG CTG ATG ACG GGG GTA AGT CAC GAC–3’ as the
forward primer and 5’–GTC GTG ACT TAC CCC CGT CAT CAG CAG–3’ as the
reverse primer. For Thr247 to Arg, 5’–AGT CAC GAC TTG CGC CGC CCG CTG
ACG CGT ATT–3’ was the forward primer and 5’–AAT ACG CGT CAG CGG
GCG GCG CAA GTC GTG ACT–3’ was the reverse primer. Double mutation
(A239T/T247R) was achieved by using the EnvZc A239T mutant plasmid
(pET11a-envZc(A239T)) generated in this study as the template. Amplification
for all three mutants was achieved using Phusion® Hot Start II DNA
polymerase (Thermo Fisher Scientific, Lafayette, CO). Successful point
mutation was determined using DNA sequencing.
3.2.3 Expression and purification of EnvZc mutants
Expression and purification of the EnvZc mutants follow the same protocol as
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described previously (see Section 2.2.2 in Chapter Two). Briefly, the plasmids
containing the mutant genes were used to transform E. coli BL21(DE3)
competent cells for protein overexpression. The cells were grown in LB
medium (10 g tryptone, 5 g yeast extract and 10 g NaCl per litre) containing a
final concentration of 100 µg/ml ampicillin for 1.5–2 h with vigorous aeration
at 37 °C. At OD600 ~0.5, 1 mM IPTG was added (final concentration) and the
culture was incubated for a further 3 h. Induced cells were harvested at 7,500
× g for 15 min and stored at –20 °C until purification. The frozen pellet was
resuspended in ice-cold lysis buffer (20 mM Tris•HCl, pH 7.6, 10 µM EDTA, 5%
(v/v) glycerol) complemented with protease inhibitor cocktail and lysed by
sonication (1 s pulse every 2 s for 5 min). The lysate was centrifuged at 17,600
× g for 30 min at 4 °C to remove non-soluble debris. The supernatant was then
incubated with TALON® metal affinity resin for at least 30 min at 4 °C before
being placed into an empty chromatography column. The resin was washed
extensively with two bed volumes of lysis buffer followed by lysis buffer
containing 5 mM and 10 mM imidazole (twice per buffer) to remove non-
specific proteins. EnvZc was finally eluted with lysis buffer containing 250 mM
imidazole. The eluate was further purified using HiLoad 16/60 SuperdexTM 75
size exclusion column with imidazole-free 20 mM Tris•HCl, pH 7.6 on an
AKTATM FPLC system (General Electric Healthcare, Chicago, IL). Protein purity
was determined from the fractions with the highest concentration using 15%
denaturing SDS-PAGE.
3.2.4 EnvZc phosphorylation assay
The phosphorylation assay was carried out by Leslie Morgan from Professor
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Linda J. Kenney’s laboratory at the University of Illinois, Chicago as described
in Section 2.2.4 in Chapter Two. Briefly, each sample (WT and the mutants)
was phosphorylated in a buffer containing 50 mM KCl and 50 mM MgCl2 with
EnvZc at a final concentration of 4 µM. The reactions were initiated by the
addition of 2 µCi of [γ-32P]-ATP followed by incubation at various times at room
temperature. Reactions were terminated by addition of 3 µl of denaturing
solution (124 mM Tris•HCl, pH 6.8, 20% (v/v) glycerol, 4% (w/v) SDS, 8% (v/v) β-
mercaptoethanol, and 0.025% (w/v) bromophenol blue) and 10 µl of the 20 µl
reaction was separated by 15% SDS-PAGE. The gel was dried for 1 h and
exposed to a phosphoimager screen and visualised on a Molecular Dynamics
Storm 860 imager (GMI, Inc., Ramsey, MN). The osmolality of the reaction
medium was altered by adjusting the salt concentration and measured using a
Wescor Vapour Pressure Osmometer. The autophosphorylation assay was only
carried out under low osmolality condition to measure basal level activity. The
low osmolality buffer contained 12.5 mM Tris•HCl, 12.5 mM KCl, 17 mM NaCl,
and 10 mM MgCl2.
3.2.5 β-galactosidase assay
This assay was performed by Dr. Gao Yunfeng from Professor Linda J. Kenney’s
laboratory at the Mechanobiology Institute, Singapore. Using the protocol as
described in Section 2.2.5 in Chapter Two, plasmid carrying the mutant genes
was transformed into E. coli MH225 and PG189 strains. E. coli MH225 contains a
chromosomal ompC-lacZ fusion while PG189 is the isogenic envZ-null (ΔenvZ)
strain. β-galactosidase assays were performed in triplicate with at least three
95
independent cultures as described previously to monitor the transcription of
ompC-lacZ (Mattison et al., 2002). Briefly, an overnight culture of bacteria was
diluted 1:100 and cells were grown to mid-exponential phase (OD600 ~0.4) in
minimal A medium at varying osmolality. Measurement of OmpC-LacZ levels
was performed by adding one volume of cells (0.1 ml) to nine volumes of the
reaction buffer (0.9 ml) (60 mM Na2HPO4, 40 mM NaH2PO4, pH 7.0, 10 mM KCl,
1 mM MgSO4, 2.7 µl/ml β-mercaptoethanol) before being disrupted by addition
of 0.1% (w/v) SDS and chloroform and incubated with 0.2 ml of 4 mg/ml ortho-
nitrophenyl-β-D-galactoside (ONPG). β-galactosidase activity was expressed in
Miller units and calculated using the formula below:
 420 550
600




Amide HDXMS on EnvZc mutants follow the same protocol as described
previously (see Section 2.2.6 in Chapter Two). To summarise, EnvZc mutants
were concentrated using a Vivaspin ultrafiltration centrifugal device (Sartorius
Stedim Biotech GmbH, Göttingen, Germany) to at least 50 µM, as measured by
Bradford assay (Bradford, 1976). Filter-sterilised Tris buffer (20 mM Tris•HCl,
pH 7.6) was the low osmolality buffer. High osmolality solution contained 20%
(w/v) sucrose. Water was removed from all three solutions using a centrifugal
vacuum concentrator and replaced with 99.9% D2O prior to the experiment.
Amide HDX was carried out by incubating 2 µl of protein with 18 µl of
perdeuterated buffer at 20 °C for various times (1, 2, 5, 10 and 30 min),
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yielding a final concentration of 90% D2O. The undeuterated sample was
included as a negative control. Wash steps were performed after the
undeuterated sample run to minimise carryover (Fang et al., 2011). The
reaction mixture was quenched by the addition of 30 µl of pre-chilled 0.1% (v/v)
TFA solution that lowered the pH of the solution to 2.5. The quenched sample
(50 µl) was injected into a chilled nanoACQUITY UltraPerformance LC® (UPLC)
system (Waters Corporation, Milford, MA) as previously described (Wales et al.,
2008). In the UPLC system, the sample was trapped and digested with a 2.1 ×
30 mm2 Poroszyme® immobilised pepsin column (Applied Biosystems, Foster
City, CA) supplied with 0.1% (v/v) formic acid in water at a flow rate of 100
µl/min. Peptides were eluted using an organic solvent gradient of 8–40% (v/v)
acetonitrile in 0.1% (v/v) formic acid at 40 µl/min and resolved with a 1.0 × 100
mm2 ACQUITY UPLC BEH C18 reversed-phase column (Waters Corporation,
Milford, MA). Both the immobilised pepsin cartridge and C18 reversed-phase
column were housed in a refrigerated HDX manager module maintained at
0 °C to minimise deuterium back-exchange during analysis. Peptide signals
were detected and their masses were measured using a SYNAPT® High
Definition Mass SpectrometerTM (HDMSTM) (Waters Corporation, Manchester,
UK). The mass spectrometer was continuously calibrated with 200 fmol/µl of
[Glu1]-fibrinopeptide B (Glu-Fib) as a standard at a flow rate of 5 µl/min. All
data were collected using MSE data acquisition mode.
Peptides were first identified from MSE data of undeuterated samples
using ProteinLynx Global SERVER software (PLGS v2.4) (Waters Corporation,
Milford, MA) (Geromanos et al., 2009; Li et al., 2009). High-fidelity identification
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was achieved by searching the peptides against a database containing the
EnvZc primary sequence (with specific residues altered to corresponding
mutation) cleaved by non-specific proteases with a tolerance of 10 ppm
deviation from the theoretical mass-to-charge (m/z) ratios. Peptides identified
in the undeuterated samples were used to map the deuteration profiles of
experimental samples using DynamX (v2.0) (Waters Corporation, Milford, MA).
Peptides with non-overlapping and favourable signal-to-noise ratio spectra
were identified on the software by visual inspection and subjected to
quantitative analysis. The software generated a centroid value for the isotopic
envelope of each peptide, which reflected the average mass of the peptide.
The difference in the average masses of the undeuterated and experimental
peptide represented the average number of deuterons exchanged. A difference
of half a deuteron (0.5 D) exchanged represents the significance threshold in
HDXMS experiments (Houde et al., 2011). Although the N-terminus primary
amine of each peptide could also undergo HDX, the reaction was too rapid to
measure and was thus excluded from the calculation (Zhang and Smith, 1993).
As regions sensitive to osmotic perturbations in EnvZc have been identified in
the previous study, the analyses were focused on these regions directly and
the results are summarised in Figure 3.4 and Table 3.2.
3.3 Results
In a previous study, we discovered that the osmosensing function of EnvZ
could be localised to two regions flanking the phosphorylatable histidine and
OmpR binding sites within the cytoplasmic four-helix bundle subdomain
(Wang et al., 2012; see Chapter Two in this dissertation). This was discerned by
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two distinct deuterium exchange kinetics: changes in absolute deuterium
exchange (EX2 kinetics) and changes in bi- or multimodal deuteration profiles
(EX1 kinetics) (see Section 1.7 in Chapter One for more details). EX2 kinetics
are identified by unimodal exchange profiles characteristic of stably folded
proteins while multimodal deuteration profiles are characterised by the
presence of multiple spectral envelopes in a single mass spectrum (Arrington
et al., 1999; Englander and Kallenbach, 1983; Miranker et al., 1993). EX1
kinetics behaviours are indicative of slow conformational transitions
associated with local unfolding within the protein (Engen et al., 1997; Wildes
and Marqusee, 2004). Together, these provide sensitive conformational probes
for monitoring conformational dynamics. Previously isolated mutants located
one helical turn above and below the active site histidine (His243) dramatically
affected the kinase activity (Figure 3.2B) (summarised in Forst and Roberts,
1994). It was therefore of interest to examine how these substitutions altered
the protein’s response to osmolytes as measured by HDXMS.
3.3.1 Inhibitory and activating properties of EnvZ A239T and T247R mutants are
retained in EnvZc
EnvZ A239T and T247R mutants were first identified by their failure to
produce the appropriate porin in response to osmotic stress. A239T did not
produce OmpF or OmpC, whereas T247R produced OmpC even at low
osmolality (Matsuyama et al., 1986; Russo and Silhavy, 1991). To determine
whether these phenotypes were retained in EnvZc (in the absence of the
transmembrane domains (TMs)), we compared in vitro autophosphorylation
and in vivo osmosensing activities of wild-type (WT) EnvZc with EnvZc A239T
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and T247R mutants (Figure 3.3). Using a [γ-32P]-ATP kinase assay, we observed
that the levels of phosphorylated WT EnvZc (EnvZc~P) increased over time
(Figure 3.3A, lanes 2–4). Under these same conditions, the A239T mutant was
not autophosphorylated (lanes 5–7). In contrast, the T247R mutant exhibited
~30% higher levels of autophosphorylation than the WT (lanes 8–10). The
autophosphorylation assay was consistent with in vivo activity determined by a
transcriptional reporter assay that measures expression of an ompC-lacZ
transcriptional fusion (Figure 3.3B). When a envZ strain (purple curve) was
transformed with a plasmid containing WT envZc, the β-galactosidase activity
of the ompC-lacZ fusion increased as a function of increasing osmolality (red
curve). The A239T mutant (orange curve) failed to rescue ompC transcription,
reflecting its inability to undergo autophosphorylation (Figure 3.3A). The
T247R mutant exhibited a higher level of ompC-lacZ at all osmolalities (blue
curve), in keeping with its higher levels of phosphoprotein. These results
recapitulate earlier studies of equivalent mutants with full-length EnvZ
(Matsuyama et al., 1986; Russo and Silhavy, 1991).
3.3.2 The A239T and T247R mutations alter peptide backbone dynamics in
EnvZc
Having established that EnvZc A239T and T247R mutants retained the
inhibitory and activating phenotypes previously observed in full-length EnvZ,
the dynamics and H-bonding propensities of the two mutants were then
probed using HDXMS. We compared deuterium exchange of WT EnvZc
(Figures 2.2 and 2.5), EnvZc A239T (Figure 3.4A) and EnvZc T247R (Figure 3.4B)
at low and high osmolality (summary provided in Table 3.2). A difference plot
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of deuterium exchange comparing low and high osmolality conditions
indicated that the largest shifts in exchange were localised to the four-helix
bundle subdomain. The greatest magnitude shifts in deuterium exchange
occurred after 5 min of exchange. Interestingly, EnvZc A239T exhibited unique
osmolality-dependent changes in deuterium exchange within the kinase
subdomain that were not observed in the wild-type protein (Figure 3.5).
Figure 3.3—The inhibitory and activating effect of A239T and T247R are retained
in EnvZc. A | Wild-type (WT) EnvZc and the mutants were tested for their ability to
undergo autophosphorylation using a [γ-32P]-ATP kinase assay. WT EnvZc showed
increased levels of autophosphorylation over time. The single mutants revealed
contrasting phenotype in which the A239T EnvZc mutant failed to autophosphorylate
while the T247R mutant had constitutively higher levels of autophosphorylation than
WT EnvZc. These results were consistent with the phenotypes observed for the same
mutants in intact EnvZ (Matsuyama et al., 1986; Russo and Silhavy, 1991). The EnvZc
A239T/T247R double mutant was surprisingly unable to autophosphorylate, indicating
that Ala239 has an effect in modulating autophosphorylation in EnvZ (see Discussion




(Figure 3.3, continued) their ability to phosphotransfer to OmpR. Phosphorylated OmpR
(OmpR~P) enhances the transcription of the gene fusion reporter ompC-lacZ. In the
envZ deletion (envZ) strain of E. coli PG189, a low level of ompC-lacZ expression (purple
curve) is observed for cells grown in minimal A medium containing varying sucrose
concentrations (0, 5, 10, and 15% (w/v), which corresponded to 139, 311, 510, and 724
mOsm/kg, respectively). When a plasmid containing WT envZc (pEnvZc) was
transformed into the ΔenvZ E. coli, expression of ompC-lacZ was rescued (red curve).
EnvZc A239T (green curve) and EnvZc A239T/T247R double mutant (light blue curve)
failed to rescue ompC-lacZ expression while EnvZc T247R (dark blue curve) showed
higher ompC-lacZ expression than WT EnvZc at all osmolalities tested. The results were
reported as mean ± SEM from at least three independent measurements.
Figure 3.4—EnvZc A239T and T247R mutants show contrasting differences in
polypeptide backbone dynamics. ESI-Q-TOF mass spectra showed the deuterium





(Figure 3.4, continued) (left) and the putative OmpR-binding site (right) under low (20
mM Tris•HCl, pH 7.6) and high osmolality conditions (20 mM Tris•HCl, pH 7.6, 20%
(w/v) sucrose) in A | EnvZc A239T; B | EnvZc T247R; and (Figure 3.4, continued) C | EnvZc
A239T/T247R. Red arrowheads indicate the centroid of each spectral envelope.
Subtraction of the centroid of the undeuterated control from the deuterated sample
yields the average number of deuterons exchanged under each condition and used for
comparison. Lower centroid observed indicates decreased deuterium exchange
relative to the condition being compared. A summary of the exchange is provided in
Table 3.2.
Figure 3.5—Protein-wide deuterium exchange profile of EnvZc A239T. A difference
plot of the relative deuterium exchange for each peptide of EnvZc A239T at low and
high osmolality following 2, 5, 10, and 30 min deuterium exchange (represented as
solid orange, red, blue, and black lines, respectively) is shown. Each dot on the line
represents a peptide from EnvZc A239T and its residue number is indicated on the x-
axis. The peptides are arranged from N- to C-terminus and the diagram below the
residue numbers indicates the corresponding domain organisation of EnvZc. Positive
and negative deuterium exchange differences denote decreases or increases in
deuterium exchange at high osmolality (i.e., positive value indicates that the peptide
exchanges more deuterium under low osmolality while negative value indicates that
the peptide exchanges more deuterium at high osmolality). All of the differences in
exchange are not corrected for deuterium back exchange in the experiment. Changes
in deuterium exchange > ±0.5 Da (green dashed line) are considered significant for
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comparative analysis. The blue box indicates the region spanning the conserved His243.
Table 3.2—Summary of amide hydrogen/deuterium exchange of the peptide
spanning His243 and putative OmpR-binding site under low and high osmolality
in EnvZc and its mutants. Low osmolality buffer contained 20 mM Tris•HCl, pH 7.6
whereas high osmolality contained 20 mM Tris•HCl, pH 7.6 and 20% (w/v) sucrose. The
values for deuterons exchanged in WT EnvZc and H243A mutant were obtained from
a previous study (Wang et al., 2012; see Chapter Two). Bimodal kinetics in the OmpR-
binding site were based on visual inspection of the mass spectra and not quantified.
All data are from the 5 min deuterium exchange experiment, with values reported as
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The intrinsic rate of exchange at a specific peptide amide position is
affected by the inductive and steric effects of neighbouring side chains (Bai et
al., 1993; Connelly et al., 1993). Thus, the changes in the number of deuterons
incorporated at the peptide spanning His243 could be attributed to amino acid
substitutions at Ala239 and Thr247 altering the intrinsic rates of exchange rather
than affecting the conformational dynamics of the protein. For this reason, we
first examined the proximal helix of the four helix bundle, distal to the His243-
containing region, for conformational changes in the A239T and T247R
mutant proteins. This region is a putative OmpR-binding site, which exhibited
osmosensing-sensitive bimodal behaviour in EnvZc at low osmolality (Wang et
al., 2012) (Figures 2.5A and B).
The characteristic bimodal spectrum of the OmpR binding site of EnvZc
was also observable in low osmolality with EnvZc A239T. The higher-
exchanging spectral envelope was diminished in the presence of osmolytes
(Figures 3.4A), which is consistent with WT EnvZc (Figures 2.5A and B).
Analysis of the same regions in the activating EnvZc T247R mutant showed a
distinctly different deuterium exchange profile under the same conditions
(Figure 3.4B). The bimodal profile of exchange of the OmpR-binding site
peptide showed a higher intensity of the lower exchanging population that
was independent of osmolality (Figure 3.4B). This pattern indicated that EnvZc
T247R predominantly populated a more activated conformation, even in the
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absence of phosphorylation.
The results observed in the OmpR-binding site helix, distal to the
mutation sites within the His243 containing locus, indicate that the
substitutions in EnvZc caused a direct conformational change in the protein
rather than affecting the intrinsic rate of exchange. We measured changes in
the intrinsic rates of exchange occurring in the region (residues 238–254) by
substituting the amino acid in EnvZc with those in the mutants (Table 3.3).
Both single and double mutations showed small changes in peptide-level
intrinsic exchange rates (<10%) relative to EnvZc (Table 3.3), thus indicating
that the differences in the number of deuterons exchanged observed in the
region spanning the conserved His243 were primarily resultant from changes
in dynamics of the mutant proteins rather than changes in primary sequence.
Both EnvZc and EnvZc A239T exhibited similar decreases of ~1 deuteron
at high osmolality within the His243-containing peptide. Together with the in
vitro kinase and in vivo gene transcription assays, the HDXMS results indicated
that backbone dynamics in EnvZc A239T showed osmolyte-dependent changes
even though it was no longer capable of undergoing autophosphorylation
(Figure 3.3A). This is evident by its ability to respond to osmotic changes via
stabilisation at the osmosensing locus (Figure 3.4A). On the other hand, the
EnvZc T247R mutant exhibited significantly lower deuterium exchange (~3.2
deuterons) compared to WT (~5.4 deuterons) at low osmolality in the region
spanning the conserved site of autophosphorylation. EnvZc T247R also showed
a smaller decrease in deuterium exchange (~0.5 deuterons) relative to WT
EnvZc (~1 deuteron difference) at high osmolality (Table 3.2). Because the
substitution of Thr247 to Arg did not significantly affect the intrinsic rates of
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exchange in the His243 spanning peptide (Table 3.3), the reduced deuterium
exchange is indicative of secondary structure stabilisation independent of
osmolality. This observation is consistent with our model whereby osmolyte-
mediated stabilisation of the backbone in the region leads to enhanced
autophosphorylation at the conserved His243. Thus, EnvZc T247R preferentially
populates a constitutively more active conformation and increasing osmolality
has no additional effect.
Table 3.3—Estimation of the intrinsic rates of exchange in the region spanning
His243. Calculation of the predicted intrinsic rates (kch) of exchange at each amide
proton in the osmosensing locus (residues 238–254) for each EnvZc construct was
performed using the Excel spreadsheet for protiated protein in D2O (H in D2O)
available at http://hx2.med.upenn.edu/download.html. The measurements are based
on the studies by Bai et al. (1993) and Connely et al. (1993). The parameters in the
spreadsheet were set as follows: pDcorr = 7.6; temperature (T) = 298 K; and pK(D, 25 °C)
= 14.95. Note that the intrinsic rates shown are calibrated for unfolded polypeptides
(Bai et al., 1993). The position of His243 is noted in red and mutant residues are in
green.
EnvZc








M 0.00 M 0.00 M 0.00 M 0.00
A 26917.0 T 23108.4 A 26917.0 T 23108.4
G 927.4 G 1469.9 G 927.4 G 1469.9
V 147.3 V 147.3 V 147.3 V 147.3
S 851.2 S 851.2 S 851.2 S 851.2
H 2159.8 H 2159.8 H 2159.8 H 2159.8
D 1716.3 D 1716.3 D 1716.3 D 1716.3
L 88.2 L 88.2 L 88.2 L 88.2
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R 368.8 R 368.8 R 368.8 R 368.8
T 714.1 T 714.1 R 992.5 R 992.5
P – P – P – P –
L 76.5 L 76.5 L 76.5 L 76.5
T 265.3 T 265.3 T 265.3 T 265.3
R 947.9 R 947.9 R 947.9 R 947.9
I 154.9 I 154.9 I 154.9 I 154.9
R 352.2 R 352.2 R 352.2 R 352.2
L 3.5 L 3.5 L 3.5 L 3.5
Suma 35690.2 32424.0 35968.6 32702.4
Changeb 1.00 0.91 1.01 0.92
a The sum of the intrinsic rates at each amide position provides an estimation of the
peptide-level intrinsic exchange.
b Change in peptide-level intrinsic exchange rate is calculated relative to WT EnvZc.
3.3.3 The EnvZc A239T/T247R double mutant uncouples osmolyte stabilisation
and autophosphorylation
The effects of amino acid substitutions at Ala239 and Thr247, both of which are
positioned one helical turn (four residues) N- and C-terminal to His243,
highlighted the importance of main chain-side chain interactions for EnvZc
function. The side chain modifications have a profound effect on helical
interactions at the main chain that mediate osmolyte-dependent
autophosphorylation of His243. It is intriguing that the substitution of Ala239 to
Thr was inhibitory, while the substitution of Thr247 to Arg resulted in
increased autophosphorylation that was osmolyte-independent. To examine
the combined effects of both amino acid substitutions and to test if the
constitutively active Thr247 to Arg mutation could compensate for the
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inhibitory Ala239 to Thr mutation, we generated an EnvZc A239T/T247R double
mutant. If the osmosensing locus was mediated primarily via the side chain
interactions of His243, Ala239 and Thr247 that are propagated to the peptide
backbone, we speculated that the opposite effects of the two mutations would
cancel each other and restore EnvZc osmosensing and autophosphorylation to
a level similar to  EnvZc.
Surprisingly, the EnvZc A239T/T247R double mutant showed no
autophosphorylation in the in vitro kinase assay and was also unable to rescue
porin expression in the envZ E. coli strain in in vivo gene reporter assay (Figure
3.3). Further, HDXMS analysis showed that the four-helix subdomain exhibited
osmolyte-independent decreases in deuterium exchange that closely
resembled the deuterium exchange profile for EnvZc T247R (Figure 3.4D).
These results reveal that the osmosensing function of EnvZc is uncoupled from
its enzymatic activities and establish that Ala239 has an unexpectedly
prevailing effect over Thr247 in modulating the enzymatic functions of EnvZc.
More significantly, it established that both the backbone amide contacts and
the imidazole side chain of His243 are obligatory for osmosensing.
3.4 Discussion and Conclusion
3.4.1 The conserved His243 in EnvZ integrates dual functions of osmosensing and
autophosphorylation
Ensemble behaviour is a hallmark of intrinsically disordered proteins (IDPs)
and is a prerequisite for biological function (Dunker et al., 2002; Dyson and
Wright, 2001). Modulation of a conformational ensemble in response to
perturbants via stabilisation of secondary structural elements forms the basis
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of stimulus-response coupling in signalling proteins (Baron and McCammon,
2013; Boehr et al., 2009). EnvZ is a sensor histidine kinase that is capable of
responding to osmolality and related perturbations (Kawaji et al., 1979;
Lugtenberg et al., 1976; Nikaido and Vaara, 1985; Ozawa and Mizushima, 1983).
Our earlier results identified the four-helix bundle subdomain within the
dimer interface (including His243) as the osmosensing locus that transduces
changes in backbone dynamics to enhanced autophosphorylation (Figures 3.3
and 3.4). This locus exists as an ensemble of locally-folded and -unfolded
conformations at low osmolality (Figures 2.2 and 2.5). In the presence of high
osmolytes, the more ordered conformations are favoured (Wang et al., 2012).
Intrinsic localised unfolding observed in EnvZ is stabilised by osmotic stress
and this is propagated to the His residue for its enhanced autophosphorylation.
In this study, we localise the core of osmosensing and describe the
detailed network of signalling relay by which osmolyte-dependent
stabilisation of H-bonding in the backbone alters side chain interactions,
resulting in enhanced EnvZ autophosphorylation. While either of the nitrogen
atoms in phosphorylatable histidines can be the target of phosphotransfer
from ATP, tautomeric preferences are guided by side chains of neighbouring
residues (Puttick et al., 2008). This is predominantly achieved by salt bridge
stabilisation of hydrogen bonds to one of the two nitrogen atoms by acidic
residues. On the basis of structural analysis and correlation of HDXMS with in
vitro and in vivo functional assays, we propose that the backbone carbonyl of
Ala239 is the critical electrophile that anchors Nδ1 of His243, enabling
phosphorylation at the Nε2 nitrogen (Figure 3.6). Planar positioning of a
glutamate residue has been identified to anchor a critical H-bond to Nε2 of His
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in nucleoside diphosphate kinase (NDP kinase), directing phosphotransfer at
Nδ1 (Morera et al., 1995). Conversely, salt bridge interactions mediated by a
glutamate side chain with a H-bond to Nδ1 directs phosphotransfer at His Nε2
of succinyl-CoA synthetase (Fraser et al., 2000). Backbone carbonyl oxygens
have also been identified in phosphoglycerate mutase to mediate salt bridges
for directing phosphorylation at specific nitrogen atoms (Bond et al., 2001). We
postulate a similar backbone carbonyl-mediated H-bond in EnvZ to Nδ1 that
directs phosphorylation of Nε2 of His243. The intrinsic dynamics of the main
chain destabilises this critical H-bond and explains the basal level
autophosphorylation in WT EnvZc at low osmolality (Igo et al., 1989; Igo and
Silhavy, 1988; Kenney, 1997; Wang et al., 2012). A decrease in deuterium
exchange in high osmolality (>1 deuteron) indicates the formation of at least
one additional backbone-stabilising H-bond. The increased ordering of the
helix likely positions the backbone carbonyl group of Met238 in closer
proximity to the backbone amide nitrogen of His243. This puckers the
backbone to stabilise the bond between the carbonyl group of Ala239 with Nδ1
of His243, leading enhancing phosphotransfer at His243 Nε2 (Figure 3.6). Our
results thus identify the H-bond interactions between the backbone carbonyl
group of Ala239 and Nδ1 of His243 to form the core of osmosensing in EnvZ.
This relay between the carbonyl of Ala239 and Nδ1 of His243 and the
involvement of Thr247 bears striking parallels with the catalytic triad of
serine/threonine proteases (Dodson and Wlodawer, 1998). The role of the
backbone carbonyl group of Ala239 is analogous to that of asparagines in
proteasomal proteases (Rawlings et al., 2011).
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Figure 3.6—Model for osmosensing: polypeptide main chain and side chain
interactions at the osmosensing locus modulate osmolyte-sensitive His243
autophosphorylation. Specific interactions between the polypeptide main chain and
side chains of EnvZc mediate osmotic stimuli sensing and transduction through
secondary structure stabilisation (osmosensing) and transduction (autophospho-
rylation). Under low osmolality conditions, the peptide main chain is intrinsically
dynamic with local partial unfolding, which introduces a barrier for the backbone
carbonyl of Ala239 to form a salt bridge and anchor the hydrogen bond to Nδ1 of His243.
This maintains a low level of autophosphorylation in EnvZ under low osmolyte
conditions. The increased stabilisation of the main chain at high osmolality, reflected
by decreased deuterium exchange within this region, likely occurs through H-bond




(Figure 3.6, continued) osmolyte-mediated stabilisation of the backbone coincides with
an enhancement of H-bond strength between the backbone carbonyl of Ala239 and the
Nδ1 of His243. These two effects enhance ordering of the His243 side chain, thereby
facilitating enhanced His243 autophosphorylation at Nε2. The figure is generated with
structure coordinates of the four-helix bundle subdomain solved via NMR (PDB ID:
1JOY) (Tomomori et al., 1999) showing a cartoon for residues 233–245 with the main
chain and side chains of Met238, Ala239, and His243 shown in stick representation.
3.4.2 His243 integrates osmolyte-mediated stabilisation with phosphorylation
Substitution of His243 with Ala in EnvZc (H243A) not only impaired
autophosphorylation but also disrupted osmolyte-mediated stabilisation of the
four-helix bundle (Figure 2.2D and 2.5C) (Wang et al., 2012). This was
intriguing, since it established a dual role for His243: as the site of
autophosphorylation and as the osmosensing core of EnvZ through side chain
contacts with neighbouring residues. This allows the signal induced by
osmolyte-mediated stabilisation of main chain H-bonds to be transduced to
stabilisation of side chain interactions, leading to enhanced histidine
autophosphorylation (Figure 3.6). Thus, the interplay between the main chain
and side chains flanking His243 governs both osmosensing and
phosphorylation, with the conserved histidine functioning as an integrative
node that converges two distinct functions of EnvZ.
3.4.3 The osmosensing function of EnvZc is uncoupled from
autophosphorylation
We previously established that EnvZc was capable of functioning as both an
osmosensor and a kinase capable of autophosphorylation. Substitution of
His243 with Ala in EnvZc caused the loss of osmosensing function in the
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protein that correlates with the loss of autophosphorylation (Wang et al., 2012).
Interestingly, substitution of Ala239 with Thr significantly reduced
autophosphorylation and had no effect on osmosensing (Figures 3.3 and 3.4A).
On the other hand, EnvZc T247R exhibited osmolyte-independent backbone
stabilisation, similar to activated WT EnvZc under high osmolality, which
results in an increase in autophosphorylation even at low osmolality condition
(Figures 3.3 and 3.4B). These two mutants demonstrate clearly that the
osmosensing and autophosphorylation functions of EnvZc are uncoupled and
can be independently regulated. It also establishes that osmosensing precedes
autophosphorylation. This view is supported by the EnvZc A239T/T247R
double mutant, which was incapable of autophosphorylation, despite a
stabilisation of the backbone in the osmosensing locus. This was a significant
observation, as it indicated that EnvZ (and possibly other HKs) functions
modularly, and provides an explanation for the paralogous nature of HKs in
two-component systems (Skerker et al., 2008).
The prevailing effect of Ala239 in modulating the enzymatic activities of
EnvZ was unanticipated, since a majority of the mutant phenotypes at the
osmosensing locus of EnvZ activate OmpC (Figure 3.2B) (Forst and Roberts,
1994). Sequence conservation analysis of this region across diverse HKs
revealed that an Ala residue at four residues N-terminal to the His is also
largely conserved (Figure 3.7). Given that the osmosensing and
autophosphorylation functions are uncoupled, this result reveals that Ala239 is
uniquely important for the autophosphorylation function of EnvZc.
Autophosphorylation in EnvZc involves the interaction of the
phosphotransferase domain with the His243-containing motif. It is possible that
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Ala239 is part of the phosphotransferase recognition motif that facilitates
autophosphorylation. This result also underscores the importance of sequence
specificity in the region flanking the histidine for its phosphorylation. The
conservation of residues (including, but not limited to, Ala, His and Thr) across
the HKs reflects their plasticity in translating diverse input signals to a
common autophosphorylation response for downstream signaling.
Taken together, it is evident that the interdependence between
backbone flexibility and imidazole side chain chemistry has a major impact
on the functions of EnvZ. It highlights an intricate yet elegant mechanism
where secondary structure dynamics and side chain interactions collectively
ensure that EnvZ is able to sense, adapt, and respond to perturbations such as
osmolality. Such a unifying mechanism is likely applicable to other sensor
histidine kinases for mediating changes in downstream phosphorylation in
response to diverse environmental cues.
Figure 3.7—Alanine and threonine flanking the invariant histidine are
evolutionarily conserved. Sequence alignment of various bacterial histidine kinases
using Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) showed that Ala
(green box) and Thr residues (blue box) at flanking positions one helical turn away
from the conserved His (red box) are common in most histidine kinases. This
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(Figure 3.7, continued) highlights an evolutionary conservation in histidine kinases that
may have an important role for enzymatic functions. Sensor histidine kinases shown
in the search with known functions are: ArcB, anaerobic respiration control; AtoS,
conversion of short-chain fatty acids to acetoacetate; BasS, iron (Fe2+) sensor; CheA,
chemotaxis; CpxA, envelope stress sensor; CreC, catabolite regulation; CusS, cuprite
(Cu2+) and silver (Ag2+) sensor; EnvZ, osmosensor; EvgS, homolog of virulence gene;
KdpD, potassium (K+) sensor; PhoQ, sensor for magnesium (Mg2+) and acid resistance
genes; PhoR, phosphate regulon gene expression; QseC, quorum sensor and flagellum
regulation; RcsC, biofilm production; RstB, sensor for RstA; TorS, sensor for
trimethylamine oxide (TMAO); and ZraS, zinc (Zn2+) and lead (Pb2+) sensor. BarA, BaeS,
and GlrK do not have a known function assigned currently.
116
This page intentionally left blank.
117
CHAPTER FOUR
Conformational Dynamics of the Full-





Proteins are the major cellular machineries that drive biological functions in
all living organisms. It is estimated that a large portion (~70–80%) of proteins
are soluble while the remaining (~20–30%) are proteins that associate or
interact with the cell membrane (Krogh et al., 2001). Despite their smaller
number compared to soluble proteins, membrane proteins play an essential
role as the primary mediator of the cell with its environment. Most
membrane proteins function as receptor proteins and sensors of various
stimuli that inform the cell of changes in its surroundings (Cuatrecasas, 1974;
Sampson et al., 2001). In tandem with the membrane, they also form barriers
through which nutrients and other beneficial molecules are allowed passage
into the cell while toxins, wastes, and harmful substances are prevented entry
or excreted from the cell (Leontiadou et al., 2007; Roux and Schulten, 2004).
Given their role as the first contact with the cell and association with a
multitude of diseases, membrane proteins have been subject to intense
research as the target for many clinically-important drugs and
pharmaceuticals (Arinaminpathy et al., 2009; Yildirim et al., 2007).
Despite advances in protein science and technology over the last few
decades, study of membrane proteins are still hampered by various challenges
both technical and biological. Unlike soluble proteins, membrane proteins are
rarely obtained at high yields (Drew et al., 2003; Grisshammer, 2006), which
render conventional structure elucidation techniques such as X-ray
crystallography or nuclear magnetic resonance (NMR) spectroscopy unfeasible
due to the large amounts of protein they require. Moreover, most membrane
proteins are unstable or do not exhibit their functions without a hydrophobic
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environment, thus an artificial lipid membrane or detergent micelle is often
required to maintain the protein in solution (Seddon et al., 2004). However, the
surfactant properties of lipid and detergent create additional complications
and are notoriously recalcitrant to many biophysical and biochemical
techniques that are widely used to characterise proteins. Membrane proteins
that are reconstituted in artificial membranes also tend to form random
aggregates, thus causing heterogeneity and polydispersity that prohibit proper
characterisation (Bayburt and Sligar, 2009; Nath et al., 2007; Seddon et al.,
2004). Together, these issues cause significant hurdles in understanding the
mechanistic basis and function of these important molecules.
Recently, it was reported that the conformational dynamics of a
membrane protein embedded in a nanoparticulate phospholipid bilayer disc,
or nanodisc, was successfully carried out (Hebling et al., 2010). In the study, the
five-pass transmembrane protein γ-glutamyl carboxylase (GGCX) was inserted
into a phospholipid bilayer disc (nanodisc) whose shape and size were
maintained by a belt of amphipathic proteins known as membrane scaffold
proteins (MSP) (Bayburt and Sligar, 2003, 2009; Bayburt et al., 2002). The belt
restricts the nanodisc from accommodating more proteins than its maximum
allowable size, thus ensuring homogeneity and monodispersity in the sample
(Bayburt et al., 2002). The authors then examined the dynamics of the inserted
protein using amide hydrogen/deuterium exchange mass spectrometry
(HDXMS). While mass spectrometry using electrospray ionisation technique is
known to suffer severe signal suppression in the presence of lipids (Lieser et al.,
2003; Rundlett and Armstrong, 1996), the experiment was elegantly designed
such that most of the lipid component was removed prior to injection into the
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coupled liquid chromatography-mass spectrometer system, thereby allowing
proper resolution of the peptides. Furthermore, although deuterium off-
labelling is sensitive to time, this extended protocol (an addition of ~5 min)
after quenching did not seem to have a drastic effect on back-exchange, which
increases the suitability of HDXMS for the characterisation of membrane
proteins. This methodology was successfully repeated for mapping the
conformational transitions of MSP (Morgan et al., 2011).
The success of HDXMS for studying the dynamics of membrane
proteins is exciting and represents a viable method to answer fundamental
questions in biology. Protein-lipid interaction is a complex network of
interrelated systems and insights about it have been scarce and elusive. Even
though structural elucidation of membrane proteins and transmembrane
domains has been successfully carried out in the past two decades (Cowan et
al., 1992; Park et al., 2013; Rosenbaum et al., 2007), the process is still subject to
painstaking effort through trial-and-error (Figure 4.1). Much of what is known
about this system comes from molecular simulations, predictive software and
algorithms, and systems biology that rely on observations of common trends
(Ash et al., 2004; Gumbart et al., 2005; Lindahl and Sansom, 2008). They are
useful in guiding our theoretical understanding on the inner workings of the
system, but they are by no means conclusive in many cases. Thus, HDXMS is
one of the first biophysical approaches that are not restricted by most of the
limitations associated with conventional structural biology techniques for the
study of membrane proteins. It allows for extensive and in-depth
characterisation of protein-lipid interaction at the peptide level. Coupled with
advances such as electron transfer dissociation (ETD) in structural mass
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spectrometry, it is possible to probe and obtain information about the
dynamics of membrane proteins at a residue-level resolution under
physiological conditions (Syka et al., 2004; Zehl et al., 2008).
Figure 4.1—The membrane mystery. Membrane proteins represent one of the most
important classes of proteins in living organisms. Whereas the structures and
functions of proteins or protein domains in the cytosol and periplasm (in Gram-
negative bacteria) or extracellular matrix (in both eukaryotes and prokaryotes) are, for
the most part, relatively simple to determine with standard techniques, it is not so for
the transmembrane domains (red dashed lines). The membrane environment is very
complex and transmembrane regions or proteins typically only exhibit proper
function or folds in this environment, thus making it difficult to characterise (Seddon
et al., 2004). Much effort goes into optimising yield, homogeneity, solubility, and
folding of membrane proteins. Current knowledge about the membrane environment
and proteins associated with it is reliant on computational prediction and simulations.
In the previous chapters, we have characterised the locus of
osmosensing within the four-helix bundle subdomain of the cytoplasmic
domain of EnvZ and the detailed physicochemical network that enhances or
inhibits its activity. However, the role of the periplasmic and transmembrane
domains of this protein remains an enigma. Although these domains are not
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essential for its basic functions, they may play important roles as regulators or
amplifiers of the osmotic signal. In addition, the role of the membrane itself
on the protein’s function has not been examined. Building on our initial
studies and osmosensing model on the cytoplasmic domain of EnvZ (Wang et
al., 2012), we now seek to address these two major questions: what are the
roles of the periplasmic and/or transmembrane domains of EnvZ and what
effect does membrane anchoring have on the protein? Using amide HDXMS,
we monitored the conformational dynamics of EnvZ embedded in nanodiscs
under low and high osmolality conditions. Our results revealed a number of
surprising insights: first, the locus of osmosensing in full-length EnvZ
embedded in nanodisc experiences a much greater dynamics compared to
EnvZc alone under low osmolality condition. This suggests that the membrane
may have an inhibitory function on the protein. The region stabilises when
osmolality was increased, which is consistent with the local unfolding model
that was proposed earlier. Second, a major portion of the periplasmic domain
and the second transmembrane region undergo stabilisation as osmolality was
increased, indicating that these domains do indeed possess certain functions
in response to the changing environment. More importantly, the second
transmembrane domain, even in light of an extended post-labelling deuterium
off-exchange duration, was fully exchanged at the shortest experimental time-
point (1 min), which is unexpected and contrarian to the widely-accepted
belief that transmembrane domains typically form secondary structures,
usually α-helices, with strong intramolecular hydrogen bonds owing to the
hydrophobicity of the lipid bilayer (Bowie, 1997). Together, these findings
highlight a role for the membrane as a regulator of a protein’s function and
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provide a novel perspective to the intricacies of the protein-lipid interaction
that may be applicable to other membrane protein systems.
4.2 Materials and Methods
4.2.1 Materials
All chemicals were of reagent grade or higher and obtained from Sigma-
Aldrich (St. Louis, MO) unless otherwise specified. E. coli BL21(DE3) strain was
purchased from Novagen (Madison, WI). Tryptone and yeast extract for
making LB medium were from BD Biosciences (Franklin Lakes, NJ). IPTG and
ampicillin were from Bio Basic, Inc. (Ontario, Canada). SDS (ultrapure grade)
was from Sinopharm Group Company Ltd. (Shanghai, China). TEMED
(electrophoresis grade) was from MP Biomedicals (Solon, Ohio), ammonium
persulphate and 30% acrylamide/bis-acrylamide were from Bio-Rad
Laboratories (Hercules, CA) and Coomassie Blue G 250 was from US Biological
(Swampscott, MA). EDTA-free complete protease inhibitor cocktail tablets were
purchased from Roche Diagnostics GmbH (Mannheim, Germany). TALON®
metal affinity resin was obtained from Clontech Laboratories (Mountain View,
CA) and TFA (protein sequence analysis grade) was acquired from Fluka
Biochemika (Buchs, Switzerland). Sucrose (ultrapure grade) and glycerol were
from 1st Base (Science Park, Singapore). The phospholipid 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine (DOPC) was purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL). The detergent n-dodecyl β-D-maltoside (DDM), membrane
scaffold protein 1D1 (MSP1D1), and α-cyano-4-hydroxycinnamic acid were also
obtained from Sigma-Aldrich (St. Louis, MO).
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4.2.2 Expression, purification, and identification of full-length EnvZ
The gene expressing full-length EnvZ (Met1-Gly450) with an N-terminal
hexahistidine tag was chemically synthesised by DNA2.0 (Menlo Park, CA) and
inserted into the pJexpress414 vector (T7 promoter, IPTG-inducible, ampicillin
selection) by the same manufacturer. The plasmid was used to transform E. coli
BL21(DE3) competent cells for protein overexpression. The cells were grown in
LB medium (10 g tryptone, 5 g yeast extract, and 10 g NaCl per litre)
containing a final concentration of 100 μg/ml ampicillin for 1.5–2 h with
vigorous aeration at 37 °C. When the cells reach an OD600 of ~0.5, a final
concentration of 500 μM IPTG was added and the culture was incubated
overnight at 18 °C with moderate aeration (180 rpm). Induced cells were
harvested by centrifugation at 7,500 × g for 15 min and stored at –20 °C until
purification. The frozen pellet was resuspended in ice-cold lysis buffer (20 mM
Tris•HCl, pH 7.6, 10 μM EDTA, 5% (v/v) glycerol) complemented with protease
inhibitor cocktail and lysed by sonication (1 s pulse every 2 s for 5 min). The
lysate was centrifuged at 17,600 × g for 30 min at 4 °C to remove insoluble
debris. The supernatant was further ultracentrifuged at 82,000 × g for 1 h at
4 °C to obtain the membrane pellet. The membrane pellet was resuspended in
ice-cold resuspension buffer (20 mM Tris•HCl, pH 7.6, 100 mM NaCl, 0.1% (w/v)
DDM) and then incubated with TALON® cobalt affinity resin overnight at 4 °C.
The slurry was passed into an empty chromatography column and washed
extensively with three bed volumes of resuspension buffer followed by
resuspension buffer containing 5 mM and 10 mM imidazole (thrice per buffer)
to remove non-specific proteins. Full-length EnvZ was finally eluted with
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resuspension buffer containing 250 mM imidazole. The eluate was further
purified using HiLoad 10/300 SuperdexTM 200 size exclusion column with
imidazole-free resuspension buffer on an AKTATM FPLC system (General
Electric Healthcare, Chicago, IL). Protein purity was determined from the
fractions with the highest concentration using 15% denaturing SDS-PAGE
(Figure 4.2A). It was expected that the size of full-length EnvZ may not
correspond correctly with the molecular weight marker due to the aberrant
mobility of most membrane proteins on a gel (Blakey et al., 2002; Gaillard et al.,
1996; Rath et al., 2009), thus further confirmation of its identity was carried
out using mass spectrometry.
FPLC-purified EnvZ was digested with trypsin and spotted onto a MALDI
plate using α-cyano-4-hydroxycinnamic acid (Sigma-Aldrich, St. Louis, MO) as
the matrix. The tryptic digest (1 μl) was mixed with equivolume saturated
matrix solution (5 mg/ml α-cyano-4-hydroxycinnamic acid in 50% (v/v)
acetonitrile/water with 0.1% (v/v) TFA) on the plate and allowed to dry at room
temperature. Raw data for protein identification was obtained using the 4800
MALDI TOF/TOFTM Analyser (Applied Biosystems, Framingham, MA). The
instrument was calibrated externally in MS mode using a mixture of four
peptides: [des-Arg1]-bradykinin (m/z = 904.468); angiotensin I (m/z = 1296.685);
[Glu1]-fibrinopeptide B (m/z = 1570.677); and adrenocorticotropic hormone
(ACTH) (residues 18–39) (m/z = 2465.199). Up to ten of the most intense ion
signals, excluding those from trypsin and the matrix, with signal-to-noise ratio
greater than 40 were selected as precursors for tandem mass spectrometry
(MS/MS) acquisition. The data was processed using GPS ExplorerTM (v3.6)
(Applied Biosystems, Framingham, MA) and searched against the National
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Centre for Biotechnology Information’s non-redundant protein database
(NCBInr 100907; 11613246 sequences) using MASCOT (v2.1) (Matrix Science
Ltd., London, UK). The search parameters were set to the following: no
restrictions on the species of origin or protein molecular weight, one missed
tryptic cleavage allowed, fixed modification of the cysteine (carbamidomethyl-
ation), variable modification of the methionine (oxidation), peptide and
fragment mass tolerance at ±200 ppm and ±0.2 Da, respectively. Using the
default significance threshold for probability-based MOWSE score (p < 0.05) in
MASCOT, the highest scoring hit (score = 611) matched to the osmolarity
sensor protein EnvZ from Shigella dysenteriae, with the hits for the Escherichia
genus having slightly lower scores of 610. The top twenty hits also
corresponded to osmolarity sensor proteins in various bacterial species,
indicating that the purified protein was indeed EnvZ (Tables 4.1 to 4.3).
Figure 4.2—Purification and identifica-
tion of full-length EnvZ. A | The FPLC
fractions of EnvZ with the highest
concentration was resolved with 15%
SDS-PAGE. Lanes 1–5 corresponded to the
EnvZ fractions (expected monomeric
molecular weight: ~50 kDa); lanes 6–7
were washes; and lane 8 was MSP1D1
A B
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(Figure 4.2, continued) (expected molecular weight: ~25 kDa). B | EnvZ was inserted into
nanodiscs (see Section 4.2.3) and separated again using FPLC. EnvZ is dimeric (~100
kDa) and is expected to embed into a single nanodisc that is held together by a dimer
of MSP1D1 belt (~50 kDa) (Bayburt and Sligar, 2003). Thus, the expected size of
nanodisc-embedded full-length EnvZ from size-exclusion chromatography is ~150 kDa.
The elution peak at approximately 12.5–13.0 ml (top panel) corresponded roughly to
the peak of aldolase (Ald) (molecular weight (MW): ~158 kDa) from manufacturer’s
protocol (bottom panel), which was similar to the expected size for nanodisc-
embedded EnvZ. The elution peak at approximately 14.0 ml corresponded with the
the peak of conalbumin (C) (MW: ~75 kDa), indicative of empty nanodiscs (~50 kDa).
Abbreviation(s): F, ferritin (MW: ~440 kDa); Ald, aldolase (MW: ~158 kDa); C,
conalbumin (MW: ~75 kDa); O, ovalbumin (MW: ~44 kDa); CA, carbonic anhydrase
(MW: ~29 kDa); R, RNase A (MW: ~13.7 kDa); Apr, aprotinin (MW: ~6.5 kDa).
Table 4.1—List of proteins identified by peptide mass fingerprinting (PMF). The
top twenty hits of proteins identified from FPLC-purified sample by mass
spectrometry. Protein scores greater than the threshold (>83; threshold value
provided by MASCOT) are considered significant. Expect refers to the expectation
value (the number of times an equal or higher score is obtained by chance) for the
protein match, with lower values having greater significance.
Entry AccessionNumber
Mass
(Da) Score Expect Description
1 gi|194431244 49934 611 9.2 × 10–55 Osmolarity sensor protein EnvZ [Shigelladysenteriae 1012]
2 gi|16131281 50359 610 1.2 × 10–54
Sensory histidine kinase in two-component
regulatory system with OmpR [Escherichia coli
str. K-12 substr. MG1655]
3 gi|110643637 50357 610 1.2 × 10–54 Osmolarity sensor protein [Escherichia coli536]
4 gi|15803908 50389 610 1.2 × 10–54 Osmolarity sensor protein [Escherichia coliO157:H7 EDL933]
5 gi|73671326 50318 610 1.2 × 10–54 EnvZ variant [Escherichia coli LW1655F+]
6 gi|170767049 50387 610 1.2 × 10–54 Osmolarity sensor protein EnvZ [Escherichiaalbertii TW07627]
7 gi|218697087 50371 610 1.2 × 10–54 Osmolarity sensor protein [Escherichia coli55989]
8 gi|218706995 50387 610 1.2 × 10–54 Osmolarity sensor protein [Escherichia coliUMN026]
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9 gi|254163332 50375 610 1.2 × 10–54 Osmolarity sensor protein [Escherichia coli Bstr. REL606]
10 gi|260857511 50345 610 1.2 × 10–54
Sensory histidine kinase EnvZ in two-
component regulatory system with OmpR
[Escherichia coli O26:H11 str. 11368]
11 gi|301645843 50329 610 1.2 × 10–54
ATPase, histidine kinase-, DNA gyrase B-,
and HSP90-like domain protein [Escherichia
coli MS 146-1]
12 gi|26250004 50417 610 1.2 × 10–54 Osmolarity sensor protein [Escherichia coliCFT073]
13 gi|187732077 50373 595 3.7 × 10–53 Osmolarity sensor protein EnvZ [Shigellaboydii CDC 3083-94]
14 gi|218702149 50429 595 3.7 × 10–53 Osmolarity sensor protein [Escherichia coliIAI39]
15 gi|300937299 50447 595 3.7 × 10–53
ATPase, histidine kinase-, DNA gyrase B-,
and HSP90-like domain protein [Escherichia
coli MS 21-1]
16 gi|218550662 50419 579 1.5 × 10–51 Osmolarity sensor protein [Escherichiafergusonii ATCC 35469]
17 gi|297517614 30552 487 2.3 × 10–42 Osmolarity sensor protein [Escherichia coliOP50]
18 gi|218555953 50363 464 4.6 × 10–40 Osmolarity sensor protein [Escherichia coliIAI1]
19 gi|296105098 49775 363 5.8 × 10–30 Osmolarity sensor protein [Enterobactercloacae subsp. cloacae ATCC 13047]
20 gi|146313449 50278 363 5.8 × 10–30 Osmolarity sensor protein [Enterobacter sp.638]
Table 4.2—List of masses and the corresponding peptides matched to proteins.
Proteins identified in Table 4.1 were matched using the listed masses. Residues in
parentheses in the peptide sequence are residues that flank the particular peptide.
Blue highlights indicate masses that were subjected to MS/MS analysis (see Table 4.3).
Proteins in Table 4.1 up to the 12th entry were matched using the same set of listed







d Misse Residuenumber Peptide sequence
837.38 836.38 836.42 –0.04 0 348–354 (R)YGNGWIK(V)
862.52 861.51 861.54 –0.03 0 196–203 (K)GIIPPPLR(E)
910.40 909.39 909.42 –0.03 0 204–211 (R)EYGASEVR(S)
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946.43 945.42 945.45 –0.03 0 355–363 (K)VSSGTEPNR(A)
981.53 980.52 980.56 –0.04 1 329–336 (K)MHPLSIKR(A)
997.47 996.47 996.55 –0.09 1 329–336 (K)MHPLSIKR(A) + Oxidation (M)
1038.56 1037.55 1037.60 –0.05 0 431–439 (R)AWLPVPVTR(A)
1043.53 1042.52 1042.57 –0.05 1 382–389 (K)HLFQPFVR(G)
1115.55 1114.55 1114.59 –0.04 0 337–347 (R)AVANMVVNAAR(Y)
1171.61 1170.60 1170.67 –0.06 0 381–389 (R)KHLFQPFVR(G)
1312.63 1311.62 1311.70 –0.08 0 232–243 (R)TLLMAGVSHDLR(T)
1385.74 1384.73 1384.80 –0.07 0 395–408 (R)TISGTGLGLAIVQR(I)
1529.70 1528.69 1528.79 –0.10 1 382–394 (K)HLFQPFVRGDSAR(T)
1753.85 1752.84 1752.95 –0.11 1 196–211 (K)GIIPPPLREYGASEVR(S)
1784.76 1783.76 1783.85 –0.10 0 409–424 (R)IVDNHNGMLELGTSER(G)
1914.77 1913.76 1913.89 –0.13 0 364–380 (R)AWFQVEDDGPGIAPEQR(K)
2000.99 1999.99 2000.12 –0.13 0 178–195 (R)IQNRPLVDLEHAALQVGK(G)
2844.45 2843.45 2843.65 –0.20 1 178–203 (R)IQNRPLVDLEHAALQVGKGIIP-PPLR(E)
Unmatched masses: 884.50; 933.53; 1052.51; 1067.54; 1070.55; 1224.53; 1224.53; 1246.51; 1264.63;
1402.56; 1402.56; 1511.68; 1657.78; 1658.79; 1736.74; 1736.74; 2022.97; 2054.92; 3736.80
a Observed (m/z) represents experimental m/z values.
b Mr (expt) represents experimental m/z values transformed into relative molecular
mass in Daltons.
c Mr (calc) represents relative molecular mass in Daltons calculated from the matched
peptide sequence.
d Delta refers to the difference (error) between the experimental and calculated
masses.
e Miss indicates the number of missed tryptic cleavage sites.
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Table 4.3—Summary of proteins identified using peptides subjected to MS/MS
analysis. Residues in parentheses are residues that flank the particular peptide.
Observed (m/z), Mr (expt), Mr (calc), and Miss are as described in Table 4.2. Expect is as
described in Table 4.1, but for the peptide match. The ions score is similar to the
protein score in Table 4.1. It is based on the calculated probability (P) that the
observed match between the experimental data and the database sequence is a
random event, with higher values greater than the threshold (>54; threshold value
provided by MASCOT) being more significant. Rank refers to the rank of the peptide
match to the protein from 1 to 10, with 1 being the best match. All the proteins









Miss Ionsscore Expect Rank Peptide sequence
862.52 861.51 861.54 0 37 4.9 1 (K)GIIPPPLR(E)
910.40 909.39 909.42 0 45 5.8 ×10–1 1 (R)EYGASEVR(S)
1038.56 1037.55 1037.60 0 28 24.0 1 (R)AWLPVPVTR(A)
1385.74 1384.73 1384.80 0 73 8.5 ×10–4 1 (R)TISGTGLGLAIVQR(I)
1753.85 1752.84 1752.95 1 70 1.2 ×10–3 1 (K)GIIPPPLREYGASEVR(S)
1914.77 1913.76 1913.89 0 115 3.6 ×10–8 1
(R)AWFQVEDDGPGIAPE-
QR(K)
2000.99 1999.99 2000.12 0 73 6.4 ×10–4 1
(R)IQNRPLVDLEHAALQV-
GK(G)




Osmolarity sensor protein [Escherichia coli O157:H7
EDL933]
gi|16131281 50359
Sensory histidine kinase in two-component regulatory
system with OmpR [Escherichia coli str. K-12 substr.
MG1655]
gi|26250004 50417 Osmolarity sensor protein [Escherichia coli CFT073]
gi|73671326 50318 EnvZ variant [Escherichia coli LW1655F+]
gi|110643637 50357 Osmolarity sensor protein [Escherichia coli 536]




Osmolarity sensor protein EnvZ [Shigella boydii CDC
3083-94]
gi|194431244 49934 Osmolarity sensor protein EnvZ [Shigella dysenteriae1012]
gi|218697087 50371 Osmolarity sensor protein [Escherichia coli 55989]
gi|218702149 50429 Osmolarity sensor protein [Escherichia coli IAI39]
gi|218706995 50387 Osmolarity sensor protein [Escherichia coli UMN026]
gi|254163332 50375 Osmolarity sensor protein [Escherichia coli B str. REL606]
gi|260857511 50345
Sensory histidine kinase EnvZ in two-component
regulatory system with OmpR [Escherichia coli O26:H11
str. 11368]
gi|300937299 50447 ATPase, histidine kinase-, DNA gyrase B-, and HSP90-like domain protein [Escherichia coli MS 21-1]
gi|301645843 50329 ATPase, histidine kinase-, DNA gyrase B-, and HSP90-like domain protein [Escherichia coli MS 146-1]
4.2.3 Insertion of full-length EnvZ into nanodisc
The protocol for embedding EnvZ into nanodisc is modified slightly from the
methods detailed by Bayburt and Sligar (2003). Chloroform that was used to
solubilise DOPC was removed using vacuum centrifugation and resuspended
using sodium deoxycholate solution such that the final molar ratio of
DOPC:sodium deoxycholate was 1:2. The lyophilised membrane scaffold
protein MSP1D1 was reconstituted directly using distilled deionised water to
yield a protein solution containing 20 mM Tris•HCl, pH 7.4, 100 mM NaCl, and
0.5 mM EDTA. MSP1D1 was prepared by reconstitution of the lyophilised
protein in distilled deionised water per manufacturer’s instruction (Sigma-
Aldrich, St. Louis, MO). Detergent (DDM)-solubilised EnvZ was mixed with
MSP1D1 at a molar ratio of 1:5 and the DOPC:sodium deoxycholate solution
was added to the protein mixture such that the molar ratio of MSP1D1:DOPC
was 1:70 (the full ratio of EnvZ:MSP1D1:DOPC:sodium deoxycholate was
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1:5:350:700). The solution was gently swirled on a nutator at 4 °C for 1 h
before dialysis against 20 mM Tris•HCl, pH 7.6 at 4 °C overnight. Once dialysis
was completed, the solution was concentrated using ultrafiltration centrifugal
devices (Sartorius Stedim Biotech GmbH, Göttingen, Germany) and further
purified by size-exclusion chromatography (specifications as detailed in
Section 4.2.2) using 20 mM Tris•HCl, pH 7.6 as the mobile phase. Full-length
EnvZ monomer is ~50 kDa in size while MSP1D1 is ~25 kDa. The expected
molecular weight of nanodiscs embedded with EnvZ is ~150 kDa (dimers of
EnvZ and MSP1D1 per nanodisc) and therefore elute much earlier in the
chromatography process (Figure 4.2B). Likewise, empty nanodiscs and excess
lipids or MSP1D1 elute later due to their smaller sizes.
4.2.4 Amide HDXMS
Amide HDXMS of full-length EnvZ embedded in nanodisc was performed as
described in Hebling et al. (2010) with some modifications. Briefly, 2 µl of the
protein solution in aqueous buffer was diluted in 18 µl of equivalent
perdeuterated buffers (either the low osmolality 20 mM Tris•HCl, pH 7.6 or
high osmolality 20 mM Tris•HCl, pH 7.6, 20% (w/v) sucrose) to allow backbone
amides to exchange their amide hydrogens with deuterons. Undeuterated
samples were used as the negative control. Deuterium exchange time-points
chosen were 1, 2, 5, 10, and 30 min (excluding nanodisc disassembly phase)
for consistency with previous experiments. After each time-point, the
deuterium exchange reaction was quenched with 30 µl of ice-cold acidified
aqueous buffer containing 0.5% (w/v) DDM and immediately placed on ice for 4
min to facilitate nanodisc disassembly. A small amount (~1–3 mg) of TiO2 was
133
added to the mixture for 1 min on ice to remove phospholipids by adsorption.
TiO2 was separated from the solution by high-speed centrifugation through a
0.22 µm filter (Merck Millipore Ltd., County Cork, Ireland) for 1 min at RT. The
clarified sample was immediately injected into a chilled nanoACQUITY
UltraPerformance LC® (UPLC) system (Waters Corporation, Milford, MA) as
previously described (Wales et al., 2008). In the UPLC system, the sample was
trapped and digested with a 2.1 × 30 mm2 Poroszyme® immobilised pepsin
column (Applied Biosystems, Foster City, CA) supplied with 0.1% (v/v) formic
acid in water at a flow rate of 100 µl/min. Peptides were eluted using an
organic solvent gradient of 8–40% (v/v) acetonitrile in 0.1% (v/v) formic acid at
40 µl/min and resolved with a 1.0 × 100 mm2 ACQUITY UPLC BEH C18 reversed-
phase column (Waters Corporation, Milford, MA). Both the immobilised
pepsin cartridge and C18 reversed-phase column were housed in a refrigerated
HDX manager module maintained at 0 °C to minimise deuterium back-
exchange during analysis. Wash steps were also performed after the
undeuterated sample run to minimise carryover (Fang et al., 2011). Peptide
signals were detected and their masses were measured using a SYNAPT® G2-Si
High Definition Mass SpectrometerTM (HDMSTM) (Waters Corporation,
Manchester, UK). The mass spectrometer was continuously calibrated with 200
fmol/µl of [Glu1]-fibrinopeptide B (Glu-Fib) as a standard at a flow rate of 5
µl/min. All the data was collected using MSE data acquisition (Bateman et al.,
2002; Shen et al., 2009) at resolution mode.
Peptides were first identified from MSE data of undeuterated samples
using ProteinLynx Global SERVER software (PLGS v3.0.1) (Waters Corporation,
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Milford, MA) (Geromanos et al., 2009; Li et al., 2009). High-fidelity identification
was achieved by searching the peptides against a database containing both the
full-length EnvZ and MSP1D1 primary sequences cleaved by non-specific
proteases with a tolerance of 10 ppm deviation from the theoretical mass-to-
charge (m/z) ratios. Peptides identified in the undeuterated samples were used
to map the deuteration profiles of experimental samples using DynamX (v2.0)
(Waters Corporation, Milford, MA). Peptides with non-overlapping and
favourable signal-to-noise ratio spectra were identified on the software by
visual inspection and subjected to quantitative analysis. The software
generated a centroid value for the isotopic envelope of each peptide, which
reflected the average mass of the peptide. The difference in the average
masses of the undeuterated and experimental peptide represented the average
number of deuterons exchanged. Although the N-terminus primary amine
could also undergo HDX, the reaction was too rapid to measure and was thus
excluded from the calculation (Zhang and Smith, 1993). A total of 25 peptides
spanning ~52.4% of EnvZ primary sequence was identified and analysed (Table
4.4). This is similar to the coverage obtained for γ-glutamyl carboxylase (GGCX)
embedded in nanodiscs, which was ~42% of the primary sequence (Parker et al.,
2014). The highest sequence coverage was for the cytoplasmic domain of EnvZ
(175 residues out of 271 residues, or ~64.6%), followed by the second
transmembrane domain (11 residues out of 21 residues, or 52.4%) and the
periplasmic domain (51 residues out of 123 residues, or 41.5%). No peptide
with favourable signal-to-noise ratio was obtained that covers the N-terminus
region or the first transmembrane domain. Deuterium exchange difference
plot was also generated using DynamX (Figure 4.3). For peptides with multiple
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(>2) overlaps, up to two of the overlaps covering the most number of residues
are displayed. All data reported were not corrected for back-exchange.
Table 4.4—Summary of amide hydrogen/deuterium exchange of nanodisc-
embedded EnvZ in the presence of low and high osmolality condition. Low
osmolality buffer contained 20 mM Tris•HCl, pH 7.6 while the high osmolality buffer
contained 20 mM Tris•HCl, pH 7.6, 20% (w/v) sucrose). The maximum deuterons
incorporated are shown for 5 min deuterium exchange, with values reported as mean
± standard deviation calculated from at least three independent experiments.





Maximum deuterons exchanged (5 min)
Low osmolality High osmolality
Periplasmic domain
NKVLAYEVRMLM (47–58)
[733.89; +2] 11 5.8 ± 0.0 5.3 ± 0.1
LGISLYSNEAAEE (84–96)
[465.89; +3] 12 2.8 ± 0.0 2.1 ± 0.0
SSPVVWLKTWLSPN (129–142)
[807.43; +2] 11 6.1 ± 0.0 5.3 ± 0.2
VPLTEIHQGDF (147–157)
[628.32; +2] 9 1.5 ± 0.0 1.2 ± 0.1
IHQGDFSPLF (152–161)
[387.53; +3] 8 2.0 ± 0.1 2.0 ± 0.1
Second transmembrane domain (TM2)
PLFRYTLAIML (159–169)
[669.38; +2] 10 5.4 ± 0.0 4.8 ± 0.1
Cytoplasmic domain—autophosphorylation and phosphotransfer domain
EHAALQVGKG (190–199)




25 7.7 ± 0.1 6.9 ± 0.1
SVTRAFN (215–221)
[397.71; +2] 6 2.4 ± 0.0 2.2 ± 0.0
MAAGVKQLAD (223–232)





27 13.7 ± 0.0 12.5 ± 0.1
LLMAGVSH (236–243)
[414.22; +1] 7 2.5 ± 0.1 2.2 ± 0.1
GYLAESINK (264–272)
[497.76; +2] 8 2.5 ± 0.1 2.1 ± 0.1
QFIDYLRTGQEMP (283–295)
[533.25; +2] 11 1.7 ± 0.1 1.6 ± 0.0
IDYLRTGQ (285–292)
[483.26; +2] 7 3.1 ± 0.0 2.7 ± 0.0




25 7.0 ± 0.2 6.0 ± 0.1
REIETALYPGS (317–327)
[618.31; +2] 9 2.6 ± 0.0 2.6 ± 0.0
EIETALYPGSIEVKMHPLSIK (318–338)
[1178.13; +2] 18 6.1 ± 0.0 5.6 ± 0.1
AARYGNGWIK (348–357)
[568.30; +2] 9 2.6 ± 0.0 2.2 ± 0.0
GNGWIKVSSG (352–361)
[502.76; +2] 9 1.6 ± 0.0 1.5 ± 0.1
IKVSSGTEPN (356–365)
[516.27; +2] 8 1.4 ± 0.1 1.0 ± 0.1
APEQRKHL (379–386)
[489.78; +2] 6 2.4 ± 0.1 2.2 ± 0.1
RGDSARTISGTG (392–403)
[393.20; +3] 11 1.9 ± 0.4 1.6 ± 0.3
ELGTSERGGL (421–430)
[1018.52; +1] 9 3.3 ± 0.1 2.9 ± 0.1
TSERGGLSIRAW (424–435)
[444.90; +3] 11 1.7 ± 0.1 1.5 ± 0.0
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Figure 4.3—Comparison of deuterium exchange for EnvZ embedded in nanodiscs
at low and high osmolality. Difference plot of the relative deuterium exchange for
each pepsin-digested fragment of full-length EnvZ embedded in nanodisc at low (20
mM Tris•HCl, pH 7.6) and high osmolality (20 mM Tris•HCl, pH 7.6, 20% (w/v) sucrose)
following 1, 2, 5, 10 and 30 min deuterium exchange (shown in solid orange, red,
cyan, blue, and black lines, respectively). Each dot represents a pepsin digest
fragment of EnvZ and residue numbers are indicated from the N- to C-terminus on
the x-axis. The diagram below the residue numbers indicates the corresponding
domain organisation of EnvZ. Positive and negative deuterium exchange differences
on the y-axis denote decreases or increases in deuterium exchange at high osmolality.
All of the differences in exchange indicated are not corrected for deuterium back
exchange in the experiment. Changes in deuterium exchange greater than ±0.5 Da
alone (red dashed line) are considered significant for comparative deuterium
exchange analysis. All 25 peptides analysed are displayed.
4.3 Results
4.3.1 Membrane anchoring increases the conformational dynamics of the
cytoplasmic domain of EnvZ
In our previous study, we showed that the cytoplasmic domain of EnvZ is
conformationally dynamic under low osmolality conditions (Wang et al., 2012).
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In particular, the region spanning the conserved site of autophosphorylation
His243 showed lower deuterium exchange in the presence of 0.5 M NaCl or 20%
(w/v) sucrose, suggesting that the four helical subdomain was more ordered in
the high osmolyte condition. The results also confirmed that the cytoplasmic
domain of EnvZ is sufficient for function as an osmosensor and is capable of
autophosphorylation and phosphotransfer to OmpR (Wang et al., 2012).
When full-length EnvZ embedded in nanodiscs was probed by amide
HDXMS, we observed that the cytoplasmic domain, particularly at the region
spanning His243, was highly dynamic under low osmolality condition (Table 4.4
and Figures 4.3 and 4.4). This subdomain exhibited ~52% deuterons exchanged
(~14 deuterons out of 27 theoretical maximum exchangeable amides)
following 5 min of deuterium exchange. This is despite a longer post-
quenching deuterium off-exchange duration (6 min) required for nanodisc
disassembly. When high osmolality was introduced into the system,
deuterium exchange for residues 229–257 in full-length EnvZ was reduced by
~1.3 Da (a loss of one deuteron). This is similar to the reduction in deuterium
exchange seen for the His243 region in EnvZc, which exhibited a loss of ~1.1 Da,
indicating that full-length EnvZ undergoes the same conformational change
upon sensing the change in osmolality.
As the peptide spanning His243 is much longer in the full-length EnvZ
(residues 229–257) than the peptide identified in EnvZc (residues 238–254), it is
not possible to directly compare the change in the number of deuterons
incorporated in the His243-containing region in EnvZ to those in EnvZc. This is
because a longer peptide has more amides available capable of reporting more
deuterium exchange. We can infer the exchange within the same His243-
139
containing region (residues 238–254) in full-length EnvZ by averaging the
number of deuterons exchanged across the entire peptide, with the
assumption that each amide position contributes to deuterium exchange
equally. Thus, with ~14 deuterons exchanged from 27 theoretical maximum
exchangeable amides in residues 229–257, each amide contributes ~0.5 Da for
the number of deuterons exchanged. This gives a rough approximation of ~7.5
deuterons exchanged within residues 238–254 (15 exchangeable amides) in
full-length EnvZ, which is higher compared to ~5.4 deuterons exchanged
within the same region in EnvZc. It should be noted that this value is
inferential, as back-exchange rates between the peptides may differ (Sheff et
al., 2013). However, given that EnvZ was also exposed to a much longer in-
solution back-exchange under quench conditions for nanodisc disassembly (6
min), the number of deuterons exchanged in EnvZ would be expected to be
lower than that in EnvZc. Despite that, the conservative estimate of the








for the peptide spanning
the phosphorylatable
His243 (m/z = 1088.25; z =
+3) after 5 min of
deuterium exchange un-
der low and high
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(Figure 4.4, continued) osmolality are shown. The position of His243 is highlighted in red
in the peptide sequence. Red arrowheads denote the centroid of each spectral
envelope.
The increased dynamics in the cytoplasmic domain of EnvZ when it is
bound to a membrane offers can serve two important functions: first,
membrane anchoring serves as a regulator—or specifically as an inhibitor—to
the normal function of EnvZ. By increasing the intrinsic dynamics of the
protein and thus promoting low basal kinase activity, it provides an additional
layer of control that prevents constitutive autophosphorylation and
phosphotransfer to OmpR. Second, the greater conformational dynamics may
enable EnvZ to sense osmotic signals over a broader dynamic range. From the
results, it can be observed that exposure to 20% (w/v) sucrose decreased
deuterium exchange in both full-length EnvZ and EnvZc by the same
magnitude, but the number of deuterons exchanged for full-length EnvZ is
still much higher compared to EnvZc. It is possible that increasing osmolyte
concentrations well beyond that of 20% (w/v) sucrose could trigger even
greater rates of autophosphorylation and phosphotransfer by EnvZ. As a
caveat, it is possible that EnvZ in the cell may exhibit different behaviours to
EnvZ embedded in nanodiscs. This is because nanodiscs are restricted by
membrane scaffold proteins that are not present in the bacterial cell
membrane. This may induce changes in the protein conformation to
accommodate for the restricted size of the membrane bilayer. It also limits
lateral movement of the protein, thus preventing clustering that may be
necessary for proper signal transduction. The native membrane environment
and lipid composition may also play an important role in modulating the
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conformational change. The major constituents of the bacterial membrane are
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and cardiolipin
(Oursel et al., 2007), thus the use of DOPC (phosphatidylcholine) in the
nanodisc may have a different effect on EnvZ. Further experiments need to be
performed to test for these possibilities.
4.3.2 The periplasmic domain is sensitive to osmolality
While we have established that the periplasmic and transmembrane domains
are non-essential to EnvZ functions in our previous study (Wang et al., 2012),
the importance of these domains have yet to be determined. Mutational
analyses of these domains have indicated certain effects on EnvZ activity
(Tokishita et al., 1991, 1992), although results are inconclusive. For instance,
swapping the periplasmic domain between two EnvZ homologues did not
have any significant effect on the function of EnvZ (Forst and Tabatabai, 1997;
Tabatabai and Forst, 1995). However, sectional deletion of the periplasmic
domain promoted constitutive OmpC expression (Tokishita et al., 1991). Point
mutations in the first transmembrane domain gave rise to differential porin
expression profiles (e.g., the L18F mutant constitutively expresses OmpF while
P41L or P41S strongly activates OmpC expression) (Tokishita et al., 1992),
suggesting a mechanistic function for the transmembrane domain. However,
no mechanism of action was established and thus the question has remained
unanswered. It is possible that these mutations may affect the localisation of
EnvZ in the cell which caused changes in the porin expression profile, which
support the hypothesis that membrane-anchoring may function as a regulator
to EnvZ activities. Amide HDXMS revealed that certain regions of the EnvZ
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periplasmic domain were sensitive to changes in osmolality. In particular,
peptides 47–58, 84–96, and 129–142 showed stabilisation indicative of an
osmolality-dependent response (Figure 4.3 and Table 4.4). Interestingly,
regions that showed helical stabilisation also correspond to sections that were
deleted and caused constitutive OmpC expression. These sections spanned
residues 38–80, 80–106, and 106–146 in the deletion study (Tokishita et al.,
1992).
4.3.3 The second transmembrane domain of EnvZ is highly dynamic
Using amide HDXMS, we report for the first time insights into the
conformation of the transmembrane domain under physiological condition.
Amide HDXMS is a powerful method to sample and assess the full
conformational ensemble of a protein or protein domain because it takes
advantage of the natural phenomenon in which backbone amide hydrogens
spontaneously exchange with the solvent (Hvidt and Nielsen, 1966; Englander
et al., 1972). It is one of the least invasive methods and does not introduce
artefacts that may cause biases in the protein.
Various structures of transmembrane domains and proteins have been
solved by conventional biophysical techniques such as X-ray crystallography
and NMR spectroscopy (Kumar et al., 2014; Lau et al., 2009; Lu et al., 2014;
Pashkov et al., 1999). One common theme is that these structures are
invariably α-helical in nature, which is supported by the hydrophobic nature
of the lipid bilayer that promotes strong intramolecular hydrogen bonds.
However, it must be noted that most of these structures are solved in the
absence of the bilayer or in isolation where truncations were introduced to
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enable reliable structural elucidation.
Our findings showed that the second transmembrane domain (residues
159–169) of EnvZ is conformationally dynamic, where it appeared nearly fully
exchanged with deuterium by the first experimental time-point (1 min)
(Figure 4.5). The deuteration level was relatively unchanged across the time-
points, suggesting that all the possible exchangeable amides have completely
exchanged with deuterium. This is intriguing as, contrary to common beliefs,
it implies that the transmembrane domain has weak intramolecular hydrogen
bonding. When sucrose was added, there was a slight reduction in the
deuterium exchange level, indicating that the conformation was stabilised in
the presence of the osmolyte (Figure 4.5). This is a significant result because it
supports the assertion that the osmotic signal can be transduced across the
membrane and that the transmembrane domain has a functional role in
response to it.
Another interesting insight not directly related to the role or function
of the transmembrane domain is the observation that deuterium is able to
fully exchange with the backbone amides of the domain that is embedded in a
phospholipid bilayer. It is known and generally accepted that the lipid bilayer
is a hydrophobic layer that is shielded from contact with the aqueous
environment (McIntosh and Simon, 2006). Our results showed that deuterium
was able to penetrate through this hydrophobic layer and exchange with
amide hydrogens, indicating that the solvent may not necessarily be excluded
from contact with membrane-embedded regions of proteins. While the
mechanism is currently unknown, it strongly suggests that solvent molecules
are capable of accessing all regions within the membrane, which provides
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important clues for a more critical perspective about the characteristics of the
membrane and how it functions.
Figure 4.5—The second transmembrane domain of EnvZ is sensitive to osmo-
lality. A | ESI-Q-TOF mass spectra for the peptide spanning half of the predicted
second transmembrane domain of EnvZ (residues 159–179) (m/z = 669.38; z = +2) after
1 and 5 min of deuterium exchange under low and high osmolality are shown. Red
arrowheads denote the centroid of each spectral envelope. B | Kinetic plot of the
deuterium exchange in the peptide spanning the second transmembrane domain
under low (red) and high osmolality (blue). The peptide appears fully deuterated (~5.4
deuterons) by 5 min under low osmolality condition. There are 10 exchangeable
amides in this peptide, which indicates that this peptide would be fully exchanged if
back-exchange was considered. This peptide is buried in the phospholipid bilayer,
thus a full amide exchange with deuterium suggests that this region is weakly
ordered. A reduction in deuterium exchange under high osmolality condition implies
that osmotic signal is transduced across the membrane via a stabilisation of the
intramolecular hydrogen bonds in the region in a manner similar to local unfolding
in the osmosensing locus.
4.4 Discussion and Conclusions
4.4.1 The membrane environment is complex and dynamic
Research on membrane proteins is one of the most challenging frontiers in
A B
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science, yet its importance cannot be overlooked. Membrane proteins
constitute the first contact that a cell or organism has with its environment
and thus transduces the primary signal that subsequently triggers cascades of
downstream processes. Many human disorders are associated with defects in
membrane receptors or faulty sensor proteins that cause deviant signal
transduction pathways, which make them attractive therapeutic targets.
Therefore, it comes as no surprise that many major pharmaceutical
companies and biotechnological enterprises are investing heavily into
membrane protein research despite the many obstacles associated with it.
Insights into the membrane environment or membrane proteins are therefore
valuable information that deepens our understanding of this complex entity.
The current bulk of scientific knowledge on membrane proteins and
their environment is derived from computational methods and simulations to
predict protein behaviour. Based on existing theories, the membrane
environment is expected to be strongly hydrophobic and rarely comes into
contact with the aqueous solvent. This hydrophobicity drives most
transmembrane domains to assume a primarily α-helical conformation
through formation of strong intramolecular hydrogen bonds. Structures of
various transmembrane domains solved using X-ray crystallography and NMR
spectroscopy are also invariably α-helical.
The full deuterium exchange (with back-exchange consideration) of
part of the second transmembrane domain of EnvZ thus comes as a surprise,
as it indicates that the domain is conformationally flexible and has weak
intramolecular hydrogen bonds that allow its amide hydrogens to fully
exchange with deuterium at the shortest experimental time-point in our study
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(Figure 4.5). It also suggests that deuterium (and water) can passively diffuse
through the hydrophobic bilayer and therefore access regions within the
membrane. This is contrary to most established notions about the membrane
environment and transmembrane domains, as discussed earlier, which may
put to question the credibility of the prediction that the identified peptide is
part of a transmembrane domain.
A study of current literature indicates that it is not entirely
inconceivable. Parker et al. (2014) mapped the conformational dynamics of the
five-pass membrane protein γ-glutamyl carboxylase that was embedded in
nanodiscs using amide HDXMS, which we utilised in this study as well. In
their report, they identified small sections of the transmembrane domains
that did not show significant deuteration. One particular transmembrane
peptide, comprising residues 375–382, showed approximately 2 deuterons
exchanged over the course of 100 min of deuterium exchange experiment
(Parker et al., 2014). As there are 6 maximum theoretical exchangeable amides
in this particular peptide (8 amino acids total in length, with exchange at the
N-terminus and one proline residue discounted), this resulted in ~33%
deuteration. Note that the data was not back-exchange corrected (Parker et al.,
2014), which would have reported a higher deuteration level if it was
considered. Nevertheless, their results suggest that deuterium can permeate
through the membrane and thus exchange with amide hydrogens in the
transmembrane domain.
The second clue comes from the crystal structure of the prokaryotic
rhomboid protease. Rhomboid proteases are intramembrane serine proteases
that cleave segments of the transmembrane domains in integral membrane
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proteins (Urban and Freeman, 2002) and they are implicated in key signalling
processes in various cells and organisms (Brooks and Lemieux, 2013). The
protease has six, and in some cases seven, transmembrane regions, which
form the rhomboid catalytic core (Brooks and Lemieux, 2013). The six-
transmembrane topology is prevalent in prokaryotes and the structures of two
prokaryotic rhomboid proteases, one from Escherichia coli (ecGlpG) (PDB ID:
2IC8) (Wang et al., 2006) and the other from Haemophilus influenzae (hiGlpG)
(PDB ID: 2NR9) (Lemieux et al., 2007), have been solved using X-ray
crystallography (Figure 4.6). The most striking distinction between the two
structures lies in the conformation of the fifth transmembrane domain (TM5),
where it is shown to be α-helical in ecGlpG but disordered in hiGlpG (Brooks et
al., 2011; Lemieux et al., 2007). The Debye-Waller factor (B factor) for TM5 in
hiGlpG was in excess of 100 Å2, which indicates significant vibrational motion
and conformational flexibility in this particular region of the protease (Brooks
et al., 2011). Subsequent reexamination of new hiGlpG crystals (PDB ID: 3ODJ)
(Brooks et al., 2011) revealed that TM5 and its adjacent loops are indeed weakly
ordered.
Additional evidence comes from the catalytic mechanism of Site-2
protease (S2P), a metalloprotease that cleaves membrane-bound sterol
regulatory element-binding proteins (SREBPs) at a leucine-cysteine bond that is
embedded in the membrane (Duncan et al., 1998). SREBPs function as
transcription factors for genes that regulate lipid synthesis and uptake in
animal cells (Brown and Goldstein, 1999). After it is synthesised, SREBP
remains bound to the membrane of the endoplasmic reticulum through a
central domain composed of two membrane-spanning regions linked by a
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hydrophilic loop (Duncan et al., 1998; Sakai et al., 1998). The loop is cleaved by
Site-1 protease (S1P) while the first transmembrane region that anchors the
transcription factor is hydrolysed by S2P (Duncan et al., 1998). It is proposed
that the α-helical transmembrane domain of SREBP unwinds partially and
projects into the cytosol so that it is accessible for proteolysis by S2P (Ye et al.,
2000). Indeed, such conformational flexibility has been observed and found
necessary for proteolysis in the substrates of rhomboid protease (Urban and
Freeman, 2003) and signal peptide peptidase (Lemberg and Martoglio, 2002).
Figure 4.6—The transmembrane domain can be weakly ordered. A comparison of
the crystal structures of two bacterial rhomboid proteases is shown. The E. coli GlpG
(ecGlpG) on the left (PDB ID: 2IC8) (Wang et al., 2006) and the H. influenzae GlpG (hiGlpG)
(PDB ID: 2NR9) (Lemieux et al., 2007) is on the right. Rhomboid proteases are
intramembrane serine proteases and embedded in the lipid bilayer to catalyse
proteolysis of integral membrane proteins. Catalytic serine and histidine are shown as
sticks. Helix 5 (orange) is involved in substrate gating in rhomboid proteases. In
contrast to ecGlpG, the helix 5 of hiGlpG has very little secondary structural elements,
which is confirmed after a repeat of the experiment (Brooks et al., 2011). For
comparison, the crystal structure of hiGlpG is shown using PDB ID 2NR9 that has
weak electron density in the region rather than the new structure that lacks the
electron density (PDB ID: 3ODJ). This is remarkable, as the hydrophobicity of the
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(Figure 4.6, continued) bilayer has been predicted to drive transmembrane domains to
assume α-helices with strong intramolecular hydrogen bonds. This finding suggests
that a weakly ordered transmembrane domain that fully exchanges with deuterium
in EnvZ is not unlikely.
Taken together, the observation of a conformationally dynamic
transmembrane domain in EnvZ is plausible. Most membrane proteins are
known to have strongly α-helical transmembrane domains that serve
primarily as membrane anchors. Flexible transmembrane domains, therefore,
may imply additional functional roles, such as the TM5 of hiGlpG that acts as a
substrate gate (Brooks and Lemieux, 2013; Brooks et al., 2011). For the
substrate of intramembrane proteases, the flexibility in their transmembrane
segments is required to provide access for proteolysis. In the case of EnvZ, the
dynamics of its second transmembrane domain could act as a medium to
transduce osmotic signal across the membrane or serve to regulate its
catalytic activity.
4.4.2 The membrane or transmembrane domain has a regulatory role on EnvZ
activity
Initial insights into the role of the transmembrane or periplasmic domain of
EnvZ came from the pioneering work of Tokishita et al. (1991, 1992). They
showed that mutation or deletion in these regions adversely affected the
differential expression of the outer membrane porin proteins. However, no
mechanistic framework has been described, given the lack of information
regarding the membrane environment and transmembrane domains.
Our results indicate that the transmembrane domain or the membrane
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may exert, either separately or in concert, a regulatory control on the activity
of EnvZ by increasing the conformational dynamics of the osmosensing and
catalytic core of the sensor kinase. The increased flexibility transduces a
greater signal when the osmosensing locus is stabilised under high osmolality
conditions, which subsequently triggers the downstream autophosphorylation
and phosphotransfer processes. The higher dynamics may also provide a
much greater dynamic range for osmosensing by EnvZ, allowing the protein
to exquisitely adapt its functions to the osmotic change. This fine control
would ensure the organism’s survival in that particular condition. Given that E.
coli can survive with extracellular osmolalities up to 1.8 OsM (Record, Jr., et al.,
1998a), a finely-tuned, gradated response by EnvZ to changes in the
environment seems very likely and the membrane and/or transmembrane
domain is crucial for EnvZ to achieve this level of sensitivity.
4.4.3 Extension of the model for EnvZ osmosensing: how they all fit together
Current results have allowed us to extend the model to include the possible
roles of the periplasmic and transmembrane domains. It is known that
prokaryotes such as the bacterium E. coli are able to maintain considerable
osmotic homeostasis despite drastic changes in their environment (Record, Jr.,
et al., 1998a, b). Even as the osmolality of the environment increases, the
bacterium can retain isoosmotic balance between its periplasm and cytosol
(Cayley et al., 2000). The higher external osmolality would cause passive
diffusion of water out from the bacterial cell. Without mechanisms in place
that can sufficiently counteract the loss of cytoplasmic water, the cell would
undergo plasmolysis. As water leaves the cell, the concentration of
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cytoplasmic solutes increases. To counteract the deleterious effects of high
solute concentrations in the cell, the bacterium also accumulates protective
osmolytes such as sugars and amino acids (Csonka, 1989, 1991; Record, Jr., et
al., 1998b). The elevated levels of these solutes and osmolytes in the cytoplasm
would, in turn, be sensed by the EnvZ in the cytosolic face.
In our initial model, the cytoplasmic domain of dimeric EnvZ acts as
the locus of osmosensing (Wang et al., 2012). Specifically, the osmosensing
locus comprises a four-helix bundle with one helix spanning the conserved
autophosphorylation site His243 and the adjacent helix predicted to be the
putative OmpR-binding site. This is shown to be conformationally dynamic
when the cell is not experiencing osmotic stress, where it confers basal level
activity to the protein and enables the expression of the outer membrane
protein OmpF. When the protein senses high osmotic signals, the
intramolecular hydrogen bonds in the osmosensing locus are strengthened
and the helices become stabilised. This stabilisation positions His243 for
increased autophosphorylation and downstream phosphotransfer to OmpR.
High levels of phosphorylated OmpR (OmpR~P) promote the transcription of
OmpC, whose smaller pore size would serve as a detriment against solute
efflux from the cytosol or influx from the environment.
In addition, as we observed responses in the transmembrane domain
and certain regions of the periplasmic domain under high osmolality
condition from amide HDXMS, these results imply that the cytosolic signal
would be transduced through both domains. The cytoplasmic signal is
transduced under high osmolality condition via local folding in a similar
fashion to the osmosensing locus. However, given that these domains are not
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essential for EnvZ function, we deduce that these domains have auxiliary yet
equally important roles that are not related to osmosensing and downstream
processes. The increased dynamics in the cytoplasmic domain of EnvZ when it
is anchored to the membrane suggests its role as a regulatory control that
further inhibits constitutive activation of EnvZ. It may also serve to improve
the sensitivity of the protein to a greater range of osmolality levels in the
environment. More importantly, it also functions as a link between the
osmosensing cytoplasmic domain and the periplasmic domain whose role has
never been determined.
As mentioned earlier, the periplasmic space and cytoplasm of a Gram-
negative bacterium is, for the most part, isoosmotic (Cayley et al., 2000).
Therefore, there would essentially be no difference in solute concentration
between the two cellular spaces. This is mimicked by embedding the protein
in a nanodisc, which is a circular bilayer disc that would not have a solute
gradient on either side. Yet, a conformational change is still observed in the
periplasmic domain when the embedded protein was subjected to a
fundamentally isoosmotic environment in our experiment. Given that
switching the large hydrophilic periplasmic domain in E. coli EnvZ with a short,
hydrophobic loop from its homologue in Xenorhabdus nematophilus did not
significantly affect its normal functions (Tabatabai et al., 1995), we therefore
speculate that this response is a result of the signal transduced from the
cytoplasmic domain through the transmembrane domain. This may function
as a lateral amplification of the stress signal to neighbouring proteins.
Alternatively, it may enhance the osmotic signal through a receptor clustering
effect, which has been observed for bacterial chemoreceptors (Endres, 2009;
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Lybarger and Maddock, 1999) where they primarily migrate to one cell pole to
collectively amplify the signal. Sectional deletion of regions in the periplasmic
domain may cause aberrant amplification thus promoting constitutive OmpC
expression. As a caveat with these proposed periplasmic domain functions,
the cellular distribution of EnvZ has never been reported. Additionally, given
its low copy number due to its promoter start site being at the termination
site for OmpR (Cai and Inouye, 2002), it is unlikely to form clusters in the cell.
Lateral signal amplification between proteins is also unlikely in the
experiment, as the nanodisc would sequester each EnvZ dimer as an isolated
entity, thus preventing interaction. As such, it is still not entirely clear what
the periplasmic signal would do at this point.
Nevertheless, the study on the conformational dynamics of EnvZ
embedded in nanodiscs has provided valuable perspectives on the inner
workings of the transmembrane domain and how the signal may be
propagated across the membrane. As the membrane environment is a
dynamic milieu and comprehension of its complexity has only begun to
emerge, an understanding of the conformational flexibility and function of
the transmembrane domain would pave the way to future insight and
endeavours in this challenging field of research.
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CHAPTER FIVE
Concluding Remarks and Future Directions
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The survival of living organisms and cells rely on their ability to sense, adapt,
and respond appropriately to rapid changes in their environment. Sensory
proteins are essential to help organise, unify, and propagate the signal in
order to correctly modulate physiological, metabolic, and behavioural
activities in the cell. Membrane proteins form the first interfacial contact
between a cell and its environment and are therefore one of the most
important sensor proteins. However, an understanding of these important
biomolecules is currently limited by methodological and technical challenges.
In this dissertation, the central objective is to investigate how an important
membrane protein was able to propagate discrete environmental signal to
elicit a cellular response. Throughout the study, observations of similar trends
and results from biophysical, biochemical, and computational investigations
are distilled to form a plausible model of transmembrane signal transduction.
The model leverages on the dynamics of secondary structural elements in
proteins to harmonise distinct environmental signals, as described in the
thesis.
The bacterial EnvZ/OmpR two-component signalling system is a well-
characterised system that is primarily involved in the osmoregulation of
bacterial cells. It is also implicated in the activation of virulence in pathogens
and is a key regulator for a number of bacterial genes. EnvZ is a
transmembrane sensor histidine kinase that senses osmotic stimuli and
propagates the signal for differential expression of outer membrane OmpF
and OmpC porin proteins. However, the mechanism by which EnvZ senses
diverse osmotic signals has long been a biological conundrum. Using amide
hydrogen/deuterium exchange mass spectrometry (HDXMS) as well as in vitro
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and in vivo biochemical assays, it is revealed that the cytoplasmic domain of
EnvZ (EnvZc) is sufficiently functional as an osmosensor, where it was able to
autophosphorylate itself and restore OmpC expression in an osmolality-
dependent manner. The homodimeric core domain of EnvZc, which spans the
conserved site of autophosphorylation His243 as well as the putative OmpR
binding site, exhibited significant conformational flexibility that became
stabilised in the presence of high osmolality condition. This observation was
reproducible with both ionic (salt) and non-ionic (sugar) osmolytes. Thus, this
helix-to-coil transition was proposed as the molecular basis for EnvZ
osmosensing.
Further investigation with mutant EnvZc constructs showed that side-
chain interactions are equally important to backbone dynamics in
maintaining proper protein functions. Two mutations at residues positioned
one helical turn away from the histidine give rise to distinct porin expression
phenotypes and were used for the investigation. The conserved His243 was
shown to have a certain degree of conformational freedom that modulates its
activity. Mutation that stabilises the protein backbone and His243 primes the
protein for enhanced activity and downstream signalling, as observed when
Thr247 was mutated to Arg and consistent with the proposed helix-coil
transition model. Histidine phosphorylation is dependent on its protonation
state, thus residues that can bond with its nitrogens would interfere with the
autokinase activity. This can be seen when Ala239 was mutated to Thr in both
single and double mutants. Interestingly, alanine and threonine residues
positioned one helical turn away from the conserved histidine are prevalent in
other histidine kinases as well, which suggests that these amino acids are
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crucial and have been selected through evolution to maintain proper
functioning in these proteins.
The study of signal transduction by EnvZ was extended to include the
full-length transmembrane protein. To overcome issues with heterogeneity
and polydispersity commonly associated with membrane proteins, full-length
EnvZ was inserted into nanodiscs, which are discoidal phospholipid bilayers
held together by a dimeric belt of amphipathic membrane scaffold proteins.
The study unveiled the startling possibility that transmembrane domains can
be weakly ordered and functional. In addition, deuterium was able to access
the transmembrane domain and exchange freely with its backbone amides.
This contradicts most established notions about the membrane environment
and membrane proteins, but a study of current literature indicates that the
observation is plausible. The periplasmic domain was also shown to be
responsive at sites that correlated with a previous deletion study, suggesting
its possible role in EnvZ function.
The surprising insights into signalling across the membrane gleaned
from this study of a bacterial osmosensor are a clear indication of its complex
nature and the incomplete knowledge in the field about the inner workings of
the membrane environment. Nevertheless, a continuous effort must be
undertaken in the monumental task of deciphering its mechanistic basis,
which would undoubtedly benefit many disciplines in science. To that end,
there are multiple extensions to the current study that can be done to obtain a
complete understanding of the mechanism of transmembrane signalling:
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 Local unfolding as a general framework for transmembrane signal transduction
The idea that secondary structures in proteins are able to shift their
equilibrium transiently in response to a stimulus is an attractive
sensory mechanism that could certainly apply to many signalling
proteins that perceive diverse signals. It would be interesting to
investigate if helix-coil transitions were a general mechanism in other
histidine kinases and sensor proteins using the methods described here,
or in combination with other techniques that allow for measurement
of protein dynamics, such as nuclear magnetic resonance (NMR)
spectroscopy or Förster/fluorescence resonance energy transfer (FRET).
For transmembrane signalling, the sensitivity and robustness of amide
HDXMS would make it an ideal technique for membrane-bound targets.
 Membrane lipid composition as a criterion for EnvZ function
EnvZ has been shown to be responsive to osmolality when it was
inserted to a phosphocholine-based nanodisc. This study establishes
that membrane anchoring has a possible regulatory effect on EnvZ
functions. However, it is unclear whether the results seen are a
consequence of the protein having its transmembrane and periplasmic
domains or it was an artefact caused by the type of lipid used to
constitute the membrane. Many reports show that lipid composition
has an effect on membrane protein functions. Thus, it would be
invaluable to determine if using bacterial total membrane extracts
(which would have the natural membrane lipid compositions) as the
membrane material would change the dynamic landscape of EnvZ as
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compared to using non-natural, single lipid membranes.
 Downstream signalling and interaction with OmpR
The current study is focused on the mechanism of osmosensing and
signal transduction of the sensor kinase EnvZ, which has provided
valuable information on the importance of conformational dynamics
for the protein’s function. OmpR is the cognate response regulator and
downstream signalling target of EnvZ, thus a study of the protein-
protein interaction would prove useful in determining the detailed
mechanism that permits or blocks the transmission of osmotic signals.
 Inhibition of EnvZ activity
EnvZ/OmpR two-component system is also known to be associated with
the activation of virulence in a number of pathogenic bacteria such as
Salmonella and Yersinia. A subsequent study that targets for the
inhibition of EnvZ activity (which does not have a specific ligand-
binding site) is beneficial to modulate pathogenesis, possibly through
drugs or therapeutics that disrupt its conformational dynamics or shift
its equilibrium to one that disfavours activation.
 The effect of excipients on protein stability and function
In a tangent unrelated to transmembrane signalling, research into the
stability of therapeutic proteins or antibodies in the presence of specific
excipients is crucial for pharmaceutical companies. The study with
EnvZ has shown that proteins can have biologically-relevant responses
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to substances that are thought to be “chemically inert” such as sugars,
which are commonly used as excipients in therapeutic formulation to
prolong shelf life and promote stability. This is an important aspect to
consider in the drug discovery pipeline to ensure that protein
therapeutics do not change their physicochemical properties in the
presence of the excipients.
 The continuum and connectivity of signal transduction pathways
In any signal transduction pathway, a cascade of reactions takes place
that involve the interplay of multiple proteins and complexes. Thus,
study of a single protein in isolation provides an incomplete picture of
the pathway. It is therefore of great interest to investigate the signal
transduction in the presence of all key players in the pathway.
Specifically for EnvZ, it would entail a complex of EnvZ embedded in
the nanodisc formed using lipids native to the bacterial membrane
with OmpR in the absence and presence of its natural ligand ATP. This
would enable a comprehensive characterisation of the relevant changes
and possibly reveal molecular mechanisms that are more pertinent in
the context of a cell.
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